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Abstract
High-power, high-repetition-rate coherent picosecond sources with high beam quality are
of great interest for many scientific and technological applications. For example, coherent
sources at the ultraviolet (UV) spectrum are used to image molecules using confocal
microscopy. Mid-infrared (mid-IR) and deep-infrared (deep-IR) sources allow the study
of the composition and dynamics of different molecules thanks on the unique and strong
mid-IR spectral fingerprints that reveal valuable chemical information in this part of
the optical spectrum. Near-infrared (near-IR) sources close to 2 µm are in the “eye-
safe” region allowing their use in space free applications such as LIDAR or gas sensing.
Moreover, they are very useful to pump semiconductor crystals to generate mid-IR sources
using frequency down-conversion techniques.
After almost 60 years since laser invention, there are still many regions in the optical
spectrum that still remain uncovered by any coherent source due to the lack of suitable
laser gain materials. Nonlinear frequency conversion techniques based on new nonlinear
crystals and the well stablish fiber-laser technology at 1 µm provide access to the spectral
regions that are unavailable to conventional lasers, giving wavelength tunability across
extended spectral regions with a single device. Moreover, they offer practical output power
with high efficiency, high spatial quality and can be operated in all temporal regimes,
from continuous-wave (CW), quasi-CW, and pulsed nanosecond to ultrafast picosecond
and femtosecond time-scales.
In this thesis, we have demonstrated a UV, near-, mid- and deep-IR sources, all in ultrafast
picosecond time-regime and high-repetition-rate. First, coherent UV source at 266 nm,
based on four harmonic generation from the pump fiber-based laser at 1 µm is reported
together with thermal effects characterization in the BBO crystal. Maximum UV average
power of 2.9 W is achieved using a double BBO in a walk-off compensation scheme.
Secondly, tunable optical parametric oscillator (OPO) based on CSP crystal and pumped
by 1 µm laser providing deep-IR idler wavelengths from 6.2-6.7 µm with maximum average
power of 95 mW at 6.2 µm is reported. Thirdly, a tunable mid-IR source from 3-3.1 µm
based on OP-GaP DFG pumped with fiber-laser at 1 µm and the signal of a tunable
xiv
OPO providing 57 mW of average power at 3044 nm. Finally, we report a high-power,
high-repetition-rate, near-IR picosecond OPO at 2.1 µm with high power stability, high
beam quality and narrow bandwidth (∆λ ∼2.5 nm).
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Resumen
Las fuentes coherentes de picosegundos de alta potencia y alta tasa de repeticio´n con
alta calidad de haz son de gran intere´s para muchas aplicaciones cient´ıficas y tecnolo´gi-
cas. Por ejemplo, se utilizan fuentes coherentes en el espectro ultravioleta (UV) para
obtener ima´genes de mole´culas mediante microscopia confocal. Las fuentes de infrarrojo-
medio (mid-IR) y infrarrojo-profundo (deep-IR) permiten el estudio de la composicio´n
y dina´mica de diferentes mole´culas gracias a las fuertes y u´nicas huellas espectrales del
mid-IR, que revelan informacio´n qu´ımica valiosa en esta parte del espectro o´ptico. Las
fuentes alrededor de 2 µm, en el infrarrojo cercano (near-IR), se encuentran en la regio´n
del “ojo seguro”, lo que permite su uso en aplicaciones en el espacio libre, como LIDAR
o en deteccio´n de gases. Adema´s, son muy u´tiles para bombear cristales semiconductores
para generar fuentes de mid-IR utilizando te´cnicas de conversio´n de frecuencia.
Despue´s de casi 60 an˜os desde la invencio´n del la´ser, todav´ıa hay muchas regiones en el
espectro o´ptico sin ninguna fuente coherente debido a la falta de materiales de ganancia
la´ser adecuados. Las te´cnicas de conversio´n de frecuencia no lineal basadas en nuevos
cristales no lineales y la tecnolog´ıa de fibra-la´ser bien establecida a 1 µm proporcionan
acceso a las regiones espectrales que no esta´n disponibles para los la´seres convencionales,
dando ajustabilidad de longitud de onda con un solo dispositivo. Adema´s, ofrecen una
potencia de salida con alta eficiencia, alta calidad espacial y pueden funcionar en todos los
reg´ımenes temporales, desde onda continua (CW), cuasi-CW y nanosegundos pulsados,
hasta pulsos ultra ra´pidos de picosegundos y femtosegundos.
En esta tesis, hemos demostrado fuentes en UV, near-, mid-, y deep-IR en un re´gimen
temporal de picosegundos y alta tasa de repeticio´n. En primer lugar, se presenta una fuente
coherente UV a 266 nm, basada en la generacio´n del cuatro armo´nico del la´ser de fibra a
1 µm que utilizamos para bombear el cristal de BBO, junto con la caracterizacio´n de los
efectos te´rmicos en dicho cristal. La potencia media ma´xima de los rayos UV de 2.9 W se
obtiene utilizando dos cristales BBO en un esquema de compensacio´n de alejamiento. En
segundo lugar, un oscilador o´ptico parame´trico (OPO) ajustable basado en un cristal de
CSP y bombeado por un la´ser de fibra a 1 µm que ofrece longitudes de onda en deep-IR
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de 6.2-6.7 µm con una potencia media ma´xima de 95 mW a 6.2 µm. En tercer lugar,
presentamos una fuente de deep-IR sintonizable de 3-3.1 µm basada en generacio´n de
frecuencia diferencia (DFG) entre el la´ser de fibra a 1 µm y el haz generado por un OPO
sintonizable, utilizando un cristal de OP-GaP, generando 57 mW de potencia media a
3044 nm. Finalmente, presentamos otro OPO de picosegundos de alta potencia, alta tasa
de repeticio´n, trabajando cerca del estado de degeneracio´n a 2.1 µm con alta estabilidad
de potencia, alta calidad de haz y ancho de banda estrecho (∆λ ∼2.5 nm).
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Resum
Les fonts coherents de picosegons, d’alta pote`ncia, d’alta tassa de repeticio´, i amb alta
qualitat de feix so´n de gran intere`s per a moltes aplicacions cient´ıfiques i tecnolo`giques.
Per exemple, les fonts coherents en l’espectre ultraviolat (UV) s’utilitzen per observar
mole`cules amb microscopia confocal. Les fonts d’infraroig-mitja` (mid-IR) i infraroig
profund (deep-IR) permeten estudiar la composicio´ i la dina`mica de diferents mole`cules
gra`cies a les fortes i u´niques empremtes espectrals que revelen informacio´ qu´ımica valuosa
en aquesta part de l’espectre o`ptic. Les fonts pro`ximes a a 2 µm, en l’infraroig-proper
(near-IR), es troben a la regio´ d’“ulls segurs”permetent-ne l’u´s en aplicacions en l’espai
lliure, com el LIDAR o en deteccio´ de gasos. A me´s, so´n molt u´tils per a bombejar
cristalls semiconductors per generar fonts de mid-IR utilitzant te`cniques de conversio´ de
frequ¨e`ncia.
Despre´s de gairebe´ 60 anys des de la invencio´ del la`ser, encara hi ha moltes regions en
l’espectre o`ptic que no disposen de cap font coherent a causa de la manca de materials de
guanys la`ser adequats. Les te`cniques de conversio´ de frequ¨e`ncies no lineals basades en nous
cristalls no lineals i la tecnologia la`ser de fibra, ben establerta a 1 µm, proporcionen acce´s
a les regions espectrals que no estan disponibles pels la`sers convencionals, proporcionant
amplia versatilitat de longituds d’ona amb un u´nic dispositiu. A me´s, ofereixen una
pote`ncia de sortida pra`ctica d’alta eficie`ncia, bona qualitat espacial i poden operar en
tots els re`gims temporals, des d’ona cont´ınua (CW), quasi-CW i polsos de nanosegons,
fins a polsos ultrara`pids de picosegons i femtosegons.
En aquesta tesi, hem demostrat fonts en l’UV, near-, mid-, i deep-IR en un re`gim de temps
de picosegons i alta taxa de repeticio´. En primer lloc, es presenta una font coherent d’UV
a 266 nm, basada en la generacio´ del quart harmo`nic d’un la`ser de fibra a 1 µm amb un
cristall de BBO, juntament amb la caracteritzacio´ d’efectes te`rmics durant el proce`s en
el cristall. La pote`ncia mitja ma`xima d’UV de 2.9 W s’aconsegueix mitjanc¸ant l’u´s de
dos cristalls de BBO en un esquema de compensacio´ d’allunyament. En segon lloc, un
oscil·lador o`ptic parame`tric (OPO) sintonitzable, basat en un cristall de CSP i bombejat
amb un la`ser de 1 µm, proporciona longituds d’ona en el deep-IR de 6.2-6.7 µm amb una
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pote`ncia mitja ma`xima de 95 mW a 6.2 µm. En tercer lloc, una altra font sintonitzable
en el mid-IR de 3-3.1 µm basada en generacio´ de frequ¨e`ncia diferencia (DFG) entre el
la`ser de fibra a 1 µm i un feix generat por un OPO sintonitzable, utilitzant un cristall de
OP-GaP, que proporciona 57 mW de pote`ncia mitja a 3044 nm. Finalment, presentem
un OPO de picosegons d’alta pote`ncia i d’alta tassa de repeticio´, a ∼2.1 µm, amb alta
estabilitat espectral i de pote`ncia, alta qualitat del feix i ample de banda estret (∆λ ∼
2.5 nm).
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Chapter 1
Introduction
When we go to the supermarket, when we use the internet in our office, or when we
have a test done in the hospital, we are surrounded by lasers. Furthermore, the impor-
tance of laser in our life will increase in future in fields such as 3D displays, quantum
computers, prevention and treatment of diseases, among others. A laser is a device that
emits light with spectral purity based on stimulated emission between quantized energy
levels in the active gain material. For every technological challenge, different types of
laser with particular properties are required. In many applications, high-power coherent
light achieved with high efficiency, good beam quality and broad wavelength tunability
is required. Since the first demonstration of laser in 1960 by Mainman [1], there has
been a large interest in developing continuously tunable coherent laser sources. However,
such tunable lasers can be realized only when the quantized energy levels from the laser
material, where the stimulated emission takes place, are sufficiently broadened to merge
into each other forming continuous bands. Furthermore, after almost 60 years since the
invention of laser, there are still many regions in the optical spectrum, from ultraviolet
(UV) to mid-infrared (mid-IR), where coherent radiation with conventional lasers can not
be generated due to the lack of suitable laser gain materials. Nonlinear optics, and in
particular nonlinear frequency conversion, has contributed to the development of coher-
ent laser sources, which can be realized in a single-pass architecture or using an optical
resonator. In this second case, the source is known as an optical parametric oscillator
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(OPO). The OPO can provide broad wavelengths tunability with a single device. At the
same time, because of the instantaneous nature of nonlinear gain, OPOs offer unique tem-
poral flexibility, allowing output generation in all temporal regime from continuous-wave
(CW) to femtosecond time-scales by appropriate choice of the pump laser. This temporal
flexibility is not available to lasers, where the generation of the shortest optical pulses is
limited by the lifetime of the laser transition, a fundamental property of the laser gain
material. In addition, the OPO can provide high output power, high efficiency and good
beam quality.
Although some nonlinear optical phenomena such as Pockels or Kerr effect [2] were al-
ready observed in the late 19th century, showing the modification of the refractive index
of the material in response to an applied electric field, or Raman in 1928 [3] discovered
spontaneous scattering of light into new wavelengths in passing through a transparent
medium, it was not until the laser invention when the first observation of coherent nonlin-
ear optical effects was made. In 1961, Franken and his co-workers demonstrated second-
harmonic-generation (SHG) of light in the crystal of quartz [4]. Soon after, Bass and
his associates reported the first observation of optical mixing, showing experimental real-
ization of sum-frequency-generation (SFG) [5]. However, these two first demonstrations
of coherent nonlinear processes had low conversion efficiency. In 1962, Giordmaine went
one step further, reporting the first experimental generation of intense SHG satisfying the
phase-matching (PM) condition [6]. Another means of PM was suggested by Armstrong
[7], called quasi-phase-matching (QPM), which involves periodic modulation of the sign
of the nonlinear coefficient of the medium to compensate for the phase-mismatch. One
year later, in 1963, Smith and Braslau demonstrated the first experimental generation of
difference-frequency-generation (DFG) [8], and in 1965, Giordmaine and Miller reported
the first experimental demonstration of an OPO [9]. This OPO was based on LiNbO3 as
the nonlinear crystal and a nanosecond pump source that was the SHG of a Nd:CaWO4
laser, providing wavelength tunability across 970-1150 nm. In 1968, Byer demonstrated
the first CW visible OPO using a LiNbO3 [10]. This period laid the foundations for the
field of parametric frequency conversion. However, the lack of suitable nonlinear materi-
als combined with the absence of laser sources of high intensity, high spatial and spectral
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coherence in some regions of the spectrum hampered the progress and research interest
in parametric devices.
The emergence of a new generation nonlinear optical materials such as β -Ba2O4 (BBO),
LiB3O5 (LBO) or KTiOPO4 (KTP) provided higher damage thresholds and better linear
and nonlinear optical properties, boosting again the interest in parametric devices in the
1980’s. At the same time, the availability of high-power laser sources with enhanced spec-
tral and spatial coherence enabled the development of parametric devices at improved
power lever. The first synchronously-pumped picosecond OPO with a mode-locked laser
was demonstrated in 1977 by Kushida and his co-workers [11]. However, the characteris-
tics of this OPO had some limitations that were solved later in 1986 by Piskarskas [12].
On the other hand, the first synchronously-pumped femtosecond OPO was demonstrated
by Edelstein in 1989 [13].
Nowadays, with the major advances in the field, there are numerous pulsed OPOs in the
spectral regions from the mid-IR [14] to the visible [15], and further down to the UV
[16]. In order to access to near-IR and mid-IR wavelengths, nonlinear frequency down-
conversion of the pump laser is carried out, generating longer wavelengths. The most
efficient method is QPM using crystals such as MgO:PPLN, MgO:PPsLT or PPKTP. On
the other hand, to access to visible and UV spectrum, frequency up-conversion of the
pump laser is required, in most cases, using birefringent crystals. Due to the nature of
the process, more gain is required for a down-conversion processes.
Focusing our interest in the picosecond regime, the optical spectrum so far covered by high-
repetition-rate synchronously-pumped OPOs and frequency conversion sources is shown
in Fig. 1.1. Most of these sources are based on MgO:PPLN or MgO:PPsLT crystals,
pumped at 1 µm laser or the SHG of the laser and intracavity SHG. They cover from UV
[16, 17], to mid-IR [18, 19], passing through near-IR [20] and visible [21, 22].
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However, the well-established periodically-poled oxide materials used in these works can
not provide wavelengths beyond ∼4 µm, because of strong absorption. As a consequence,
semiconductor nonlinear crystals such as ZnGeP2 (ZGP) or oriented patterned GaAs (OP-
GaAs) were used. These materials present good linear and nonlinear optical properties
and transparency range into the deep-IR. For example, a picosecond ZGP OPO pumped
by a MgO:PPLN OPO at ≥2 µm was reported in [23], providing signal coverage across
3.8-4.5 µm and idler over ∼5.65-5.7 µm. However, neither ZGP nor OP-GaAs can be
pumped at well established fiber-laser technology at 1 µm due to its linear and nonlinear
absorption below ∼2 µm.
At the same time, significant efforts have been directed towards the development of novel
mid-IR nonlinear materials with large bandgap that could offer wide transparency range
and high nonlinearity, which could be deployed in combination with the mature, reliable,
and widely available solid-state and Yb-fiber pump laser technology near 1 µm. Then,
more efficient, compact and robust device could be developed. CdSiP2 (CSP) and oriented
patterned GaP (OP-GaP) are good candidates to generate these frequencies, satisfying
birefringent PM and QPM, respectively. The nonlinearity, transparency range and the
bandgap of most common crystals used in nonlinear frequency conversion works to date
are represented in Fig. 1.2.
This thesis is organized in seven chapters. In chapter 2, brief introduction on nonlinear
optics and, in particular, second-order nonlinear processes such as SHG, SFG, DFG, OPG
and OPO is provided. The process of finding the nonlinear polarization and how we can
obtain the coupled-waves equations is discussed. Then, the important concept of PM
and its different types and methods to be achieved are explained. Finally, important
parameters that have to be considered in the OPO design are also highlighted.
In chapter 3, a high-power, high-repetition-rate picosecond UV source at 266 nm, based on
fourth-harmonic-generation (FHG) from the fiber-based laser at 1 µm, is reported. The
source employs LBO crystal to generate the SH of the pump (green beam) and a BBO
crystal to generate the SH of this green, which is the FH of the pump laser. Maximum
UV average power is achieved using a double-BBO in a walk-off compensation scheme.
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Figure 1.2: Nonlinear effective coefficient, bandgap and transparency range of different
crystals used in nonlinear frequency conversion processes.
The results of power scaling, power stability, beam quality and measured spectrum are
presented in this chapter, together with the angular and temperature acceptance band-
width measurements of the BBO crystal. Thermal effects at 266 nm in the BBO crystal
are also characterized and power scaling using single-BBO and double-BBO in walk-off
compensation scheme are also compared.
In chapter 4, a high-power, high-repetition-rate, picosecond deep-IR OPO tunable from
6.2-6.7 µm with maximum average power of 95 mW at 6.2 µm is presented. The source is
based on a singly-resonant OPO in an X-cavity with a CSP crystal pumped at 1 µm under
a type I (e→ oo) noncritical PM. The measured crystal transmission, wavelengths tuning
range, idler and signal power across the tuning range, power scaling, power stability,
spectrum and pulse duration of the signal are also presented.
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In chapter 5, a tunable high-repetition-rate picosecond source based on OP-GaP is de-
scribed using DFG of a pump laser at 1 µm and the tunable signal of a MgO:sPPLT
OPO. The generated radiation is tunable across 3-3.12 µm, providing maximum average
power of 57 mW at 3 µm. The wavelength tuning range and average power as a function
of the wavelengths, power scaling, power stability, temperature acceptance bandwidth,
spatial beam profile, and DFG power as a function of the temporal delay between the
pump and signal pulses are presented in this chapter.
In chapter 6, we demonstrate a stable, high-average-power, picosecond source with lin-
ear polarization at 2.1 µm providing ∼5.25 W of average power with ∼36% conversion
efficiency in pulses of 20 ps at ∼80 MHz repetition rate with high-beam-quality and nar-
row spectral bandwidth. We further reduce the FWHM spectral bandwidth by using an
intracavity telescope in one arm of the OPO.
Finally, in chapter 7 we conclude the thesis with a summary and future outlook in the
field.

Chapter 2
Basics of nonlinear optics
2.1 Introduction
Nonlinear optics is the study of the interaction between light and matter. The term was
introduced for the first time by Schrodinger in 1943 [24]. If some light is applied to a
material with high intensity, the electrons of this material are displaced with respect to
their stationary position, causing dipole oscillations or polarization in the medium. This
parameter is defined as dipole momentum per unit volume. The direction and magnitude
of the polarization are dependent on the direction and magnitude of the applied electric
field inside the medium, as
P(t) = ε0[χ (1)E(t) + χ (2)E(t)2 + χ (3)E(t)3 + ...]
= P(t)(1) + P(t)(2) + P(t)(3) + ...
= P(t)(L) + P(t)(NL)
(2.1)
where P(t) is the induced polarization, ε0 is the permittivity of free space (ε0=8.85·10−12
F/m1), χ is the susceptibility of the medium, and E(t) is the applied electric field in the
medium. When the applied field, E(t) is small, the induced polarization of the medium
is linearly proportional to the electric field, and χ (1) is the linear susceptibility, where
9
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P(L)(t) = ε0χ (1)E(t) (2.2)
However, when the applied electric field strength is comparable to intra-atomic electric
field, the response of the material is no longer linear, and terms, P(NL), in expression
(2.1) have to be considered. Such an intense electric field can only be achieved with a
laser. Second-order and third-order nonlinear polarizations, P(2)(t) and P(3)(t), cause dif-
ferent physical processes, and they are induced under different conditions. For example,
second-order nonlinear optical interactions can occur only in non-centrosymmetric crys-
tals, crystals which do not possess inversion symmetry. Inversion symmetry means that if
we change the sign of the applied electric field, E(t), the sign of the induced polarization
must also change. Hence, if we apply this in the second-order polarization term, P(2)(t),
from (2.1), we obtain
− P(NL)(t) = ε0χ (2)(−E(t))(−E(t)) = ε0χ (2)E2(t) = P(NL)(t) (2.3)
This equation (2.3) can be only satisfied if χ (2)=0.
The work described in this thesis is based on second-order nonlinear processes.
2.2 Second-order nonlinear processes
For these interactions, we consider the second term of equation (2.1), P(2)(t),
P(2)(t) = P(NL)(t) = ε0χ (2)E2(t) (2.4)
Let’s consider that the incident optical field has two different frequency components, ω1
and ω2, and it is expressed as
E(t) = E1e−iω1t + E2e−iω2t + c.c. (2.5)
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If we replace expression (2.5) for the electric field in (2.4), we can express the second-order
nonlinear polarization as
P(NL)(t) = ε0χ (2)[E1e−iω1t + E2e−iω2t + c.c.][E1e−iω1t + E2e−iω2t + c.c.]
= ε0χ (2)[E21e
−2iω1t + E22e
−2iω2t + E1E∗2e
−i(ω1−ω2)t + E1E2e−i(ω1+ω2)t + c.c.] + ε0χ (2)[E21 + E
2
2 ]
= P(2ω1)e−2iω1t + P(2ω2)e−2iω2t + P(ω1 − ω2)e−i(ω1−ω2)t + P(ω1 + ω2)e−i(ω1+ω2)t + P(0)
(2.6)
The term, P(2ω1) and P(2ω2), in (2.6) represent the physical process of second-harmonic-
generation (SHG) of the optical field at frequency ω1 and ω2, respectively. P(ω1 − ω2)
represents difference-frequency-generation (DFG), P(ω1 + ω2) sum-frequency-generation
(SFG), and P(0) is known as optical rectification (OR).
The three waves interaction processes are plotted in Fig. 2.1. SFG is a process in which
two input fields at frequencies ω1 and ω2 are converted into a field at frequency ω3 =
ω1+ω2, as shown in Fig. 2.1(a). SHG is the degenerate case of SFG process, in which
ω1=ω2=ω and ω3 = 2ω , as shown in Fig. 2.1(b). In DFG process, two input fields at
frequencies ω2 and ω3 are converted into a field at frequency ω1 = ω3−ω2, as shown in Fig.
2.1(c). The other process shown in Fig. 2.1(d) is known as parametric down-conversion
or optical parametric generation (OPG), where an input pump field at frequency, ω3, is
converted into two low-frequency fields, ω1 and ω2. The generated shorter wavelength is
called signal and the longer wavelength idler.
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Figure 2.1: Schematic of the most common second-order nonlinear processes.
2.3 Second-order nonlinear susceptibility
Second-order nonlinear susceptibility relates the induced polarization of the medium to
the incident electric field. χ (2) is a 27-elements tensor that can also be written as χ (2)=χ (2)i jk ,
where i, j, k represent the Cartesian coordinates, x, y, z, and indicate the optical polariza-
tion directions. It is more common in the literature to use the d -matrix notation to relate
the optical polarization and the input optical field rather than susceptibility tensor,
di jk =
χ (2)i jk
2
(2.7)
Under Kleinman’s symmetry condition, where the optical wave frequencies are much
smaller than the lowest resonance frequency of the material system, the nonlinear suscep-
tibility is independent of frequency. This means, that the order of indices in the d -matrix
can be permuted without permuting the frequencies, and di jk is symmetric in its last
two indices. Then, we can simplify the notation of di jk matrix to dil according to the
prescription in Table 2.1,
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Table 2.1: d -matrix notation under Kleinman’s symmetry.
jk : 11 22 33 23, 32 31, 13 12, 21
l : 1 2 3 4 5 6
Considering this notation, the d -matrix can be expressed as a 3×6 matrix and the non-
linear optical polarization for SFG and DFG processes can be, respectively, expressed
as

Px(ω3 = ω1 + ω2)
Py(ω3 = ω1 + ω2)
Pz(ω3 = ω1 + ω2)
 = ε0K

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
·

Ex(ω1)Ex(ω2)
Ey(ω1)Ey(ω2)
Ez(ω1)Ez(ω2)
Ey(ω1)Ez(ω2) + Ez(ω1)Ey(ω2)
Ex(ω1)Ez(ω2) + Ez(ω1)Ex(ω2)
Ex(ω1)Ey(ω2) + Ey(ω1)Ex(ω2)

(2.8)

Px(ω1 = ω3 − ω2)
Py(ω1 = ω3 − ω2)
Pz(ω1 = ω3 − ω2)
 = ε0K

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
·

Ex(ω3)E∗x (ω2)
Ey(ω3)E∗y (ω2)
Ez(ω3)E∗z (ω2)
Ey(ω3)E∗z (ω2) + Ez(ω3)E∗y (ω2)
Ex(ω3)E∗z (ω2) + Ez(ω3)E∗x (ω2)
Ex(ω3)E∗y (ω2) + Ey(ω3)E∗x (ω2)

(2.9)
where K is the degeneracy factor with value 4 for SFG, DFG and OPG, and 2 for degen-
erate cases such as SHG, and E j(ωn) and Pj(ωn) are defined as
E j(t) =
∑
n
E j(ωn)e−iωnt (2.10)
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Pj(t) =
∑
n
Pj(ωn)e−iωnt (2.11)
being j the Cartesian component x, y, z of E, and n its frequency component.
For a fixed geometry, it is possible to express the nonlinear polarization of any process
with a scalar relationship using the effective nonlinear coefficient, de f f . For example, the
effective nonlinear coefficients for SFG and SHG are given by
SFG : P(2)(ω3) = 4ε0de f fE(ω1)E(ω2) (2.12)
SHG : P(2)(2ω) = 2ε0de f fE2(ω) (2.13)
To calculate de f f , we have to substitute all components, Ei(ωn), in matrices (2.8) or (2.9)
for Eo(ωn) and Ee(ωn), depending on the process and interaction type under study. We
express these fields as projections in spherical coordinates, as [25]

Ex(ωn)
Ey(ωn)
Ez(ωn)
 = Eo(ωn)

−sin(ϕ)
cos(ϕ)
0
 (2.14)

Ex(ωn)
Ey(ωn)
Ez(ωn)
 = Ee(ωn)

cos(θ )cos(ϕ)
cos(θ )sin(ϕ)
−sin(θ )
 (2.15)
Depending on the symmetry of the crystal under study, the d -matrix can be simplified,
and the three Cartesian components of the polarization, Px(ωn),Py(ωn),Pz(ωn), are cal-
culated as a function of the components of d-matrix, Eo(ωn) and Ee(ωn) using (2.8) or
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(2.9). Then, we use the following equations to express ordinary or extraordinary polariza-
tion, Po(ωn),Pe(ωn) in spherical coordinates [25], as a function of the previous calculated
components Px(ωn),Py(ωn),Pz(ωn) as
Po(ωn) = −Px(ωn)sin(ϕ) + Py(ωn)cos(ϕ) (2.16)
Pe(ωn) = Px(ωn)cos(θ )cos(ϕ) + Py(ωn)cos(θ )sin(ϕ)− Pzsin(θ ) (2.17)
Finally, if the generated wave is ordinary polarized, we express Po(ωn) as a function of
elements of d-matrix, Eo(ωn) and Ee(ωn). If the output polarization is extraordinary, we
express Pe(ωn). The de f f are all the elements in these equations that multiplies Eo(ωn) and
Ee(ωn). For example, the effective nonlinear coefficient for a SHG in type I (oo→ e) using
a BBO crystal which is a negative uniaxial crystal of crystal class of 3m is calculated to
be
de f f = d31sin(θ )− d22cos(θ )sin(3ϕ) (2.18)
2.4 Coupled-wave equations for second-order
nonlinear processes
We have seen how the response of a material to an intense laser field can cause the
polarization of the medium at frequency components not present in the incident electric
field. These new frequency components of the polarization act as a source of new frequency
components of the electromagnetic field. The interaction of the involved fields can be
described by the Maxwell’s wave equations.
O× E(t) = −∂B(t)
∂ t
(2.19)
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O× H(t) = ∂D(t)
∂ t
+ J(t) (2.20)
These equations describe light propagation through a nonlinear material which is non-
magnetic and transparent (J(t) = 0) at the frequencies of the propagating waves. D(t) is
the electric displacement vector in a nonlinear medium defined as
D(t) = ε0E(t) + P(t) (2.21)
H(t) is the magnetic field strength in a non-magnetic medium defined as
B(t) = µ0H(t) (2.22)
and µ0 is the permeability of free space.
In order to derive the wave equation, we take the curl in both sides of (2.19), and we
apply (2.22)
O× O× E(t) = O× ∂ (−µ0H(t))
∂ t
(2.23)
we interchange the order of spatial and temporal derivatives on the right-hand-side of
(2.23)
O× O× E(t) = −µ0∂ (O× H(t))∂ t (2.24)
we apply (2.20)
O× O× E(t) = −µ0 ∂∂ t
(
∂D(t)
∂ t
)
= −µ0
(
∂ 2D(t)
∂ t2
)
(2.25)
and finally, applying (2.21) on the right-hand-side of (2.25) and replacing µ0 = 1/ε0c2, we
obtain the wave equation,
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O× O× E(t) + 1
c2
∂ 2E(t)
∂ t2
= − 1
c2ε0
∂ 2P(t)
∂ t2
(2.26)
The left-hand-side of equation (2.26) can be written as
O× (O× E(t)) = O× O× E(t) = O(O · E(t))− O2E(t) ≈ −O2 · E(t) (2.27)
and it can be simplified when working in nonlinear regime. Then, the wave equation can
be expressed as
O2 · E(t)− 1
c2
∂ 2E(t)
∂ t2
=
1
c2ε0
∂ 2P(t)
∂ t2
(2.28)
The modulation of the electric field and nonlinear polarization can take place in time
or space. Since, in general, the interacting waves propagate along a given direction (x -
direction), we can first write the Laplacian of (2.28) as
O2 · E(t) = (∂ 2y + ∂ 2z )E(t) + ∂ 2x E(t) (2.29)
If we consider that the propagation waves in x -direction are plane waves, the transverse
dependence can be neglected, and the wave equation (2.28) can be expressed as
∂ 2E(x, t)
∂ 2x
− 1
c2
∂ 2E(x, t)
∂ t2
=
1
c2ε0
∂ 2P(x, t)
∂ t2
(2.30)
In the case of long pulses, for which the optical bandwidth is much smaller than the carrier
frequency, we can neglect the temporal dependence and make a quasi-monochromatic
approximation.
∂ 2E(x,ω)
∂ 2x
− 1
c2
∂ 2E(x,ω)
∂ t2
=
1
c2ε0
∂ 2P(x,ω)
∂ t2
(2.31)
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We can assume that the amplitudes of the fields and the polarization vary only slowly
over a distance and time comparable to the wavelength. This approximation is known as
slowly varying envelope approximation (SVEA),
∣∣∣∣∂ 2A j(x,ω j)∂x2
∣∣∣∣ ∣∣∣∣k j ∂A j(x,ω j)∂x
∣∣∣∣ ∣∣k2jA(x,ω j)∣∣ (2.32)
∣∣∣∣∂ 2A j(x,ω j)∂ t2
∣∣∣∣ ∣∣∣∣ω j ∂A j(x,ω j)∂ t
∣∣∣∣ ∣∣ω2j A(x,ω j)∣∣ (2.33)
∣∣∣∣∂ 2p j(x,ω j)∂ t2
∣∣∣∣ ∣∣∣∣ω j ∂ p j(x,ω j)∂ t
∣∣∣∣ ∣∣ω2j p(x,ω j)∣∣ (2.34)
where A(x,ω) is the amplitude of the electric field and p(x,ω) is the amplitude of the
nonlinear polarization and are defined as
E(x,ω) = A(x,ω)ei(kx−ωt) + c.c. (2.35)
P(x,ω) = p(x,ω)ei(kx−ωt) + c.c. (2.36)
∂ 2E(x,ω)
∂x2
=
[
∂ 2A(x,ω)
∂x2
+ 2ik
∂A(x,ω)
∂x
− k2A(x,ω)
]
e−i(ωt−kx) (2.37)
∂ 2E(x,ω)
∂ t2
=
[
∂ 2A(x,ω)
∂ t2
+ 2iω
∂A(x,ω)
∂ t
− ω2A(x,ω)
]
e−i(ωt−kx) (2.38)
∂ 2P(x,ω)
∂ t2
=
[
∂ 2p(x,ω)
∂ t2
+ 2iω
∂ p(x,ω)
∂ t
− ω2p(x,ω)
]
e−i(ωt−kx) (2.39)
Applying SVEA relations (2.32), (2.33) and (2.34), we can neglect the second derivative
of amplitude of the electric field respect x and t in (2.37) and (2.38), respectively, and
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the second and first derivative of the polarization in (2.39). Neglecting these terms and
substituting in (2.31), we obtain
[
2ik
∂A(x,ω)
∂x
− k2A(x,ω) + 2iω
c2
∂A(x,ω)
∂ t
+
ω2A(x,ω)
c2
]
e−i(ωt−kx) =
−ω2
c2ε0
p(x,ω)e−i(ωt−kx)
(2.40)
Considering the relation
k =
nω
c
(2.41)
the second and fourth term of (2.40) cancel, and considering the quasi-monochromatic
plane wave approximation, the temporal dependence of the field amplitude can be also
neglected, obtaining
2ik
∂A(x,ω)
∂x
e−i(ωt−kx) =
−ω2
c2ε0
p(x,ω)e−i(ωt−kx) (2.42)
Moreover, in a dispersive medium, we study each frequency component of the field sep-
arately, considering only the induced polarization at the given frequency. Hence, we can
express the three waves amplitude variation of the field as a function of the propagation
direction x as
∂A1(x,ω1)
∂x
=
i
2k1
1
c2ε0
ω21ε04de f fA3(x,ω3)A
∗
2(x,ω3)e
i(k3−k2−k1)x (2.43)
∂A2(x,ω2)
∂x
=
i
2k2
1
c2ε0
ω22ε04de f fA3(x,ω3)A
∗
1(x,ω1)e
i(k3−k1−k2)x (2.44)
∂A3(x,ω3)
∂x
=
i
2k3
1
c2ε0
ω23ε04de f fA2(x,ω2)A1(x,ω1)e
i(k1+k2−k3)x (2.45)
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These equations are called coupled-amplitude equation, because they show how the am-
plitude of each wave varies as a consequence of coupling to the other interacting waves.
2.5 Phase-matching
In coupled-amplitude equations, we can define the phase term as the wave vector mis-
match, for example (∆k = k3 − k2 − k1) in equation (2.43). Any realization of efficient
nonlinear optical effect requires ∆k=0, also known as phase-matching (PM) condition.
Physically, the quantity, ∆k, represents the mismatch in phase between the interacting
optical fields as they propagate through the nonlinear medium.
In general, because of dispersion in the medium, the optical waves at different frequencies
propagate with different phase velocities, so that ∆k 6=0. Under this condition, the inter-
acting fields periodically step out of phase and interfere constructively and destructively
as they travel through the nonlinear medium. This result in an exchange of energy back
and forth between the interacting waves. This periodic oscillation along the propagation
direction of the medium is illustrated in Fig. 2.2.
The distance in the nonlinear crystal over which the interacting fields are in phase is
defined as coherent length, Lc, and it is the maximum useful crystal length in the presence
of phase-mismatch.
Lc =
2pi
∆k
(2.46)
There are two important techniques to achieve PM, birefringent phase-matching (BPM)
and quasi-phase-matching (QPM).
2.5.1 Birefringent phase-matching
The PM condition, ∆k = 0, can never be satisfied in normally dispersive media. Bire-
fringence is the dependence of the refractive index on the direction of polarization of the
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Figure 2.2: Comparison of the spatial variation of the generated output power in a nonlin-
ear optical interaction for three PM condition. (a) PM perfectly satisfied, (b) QPM and (c)
wave vector mismatch ∆k 6=0.
optical radiation. This property of some nonlinear crystals can be used to satisfy the PM
condition by controlling the polarization direction of the radiated optical fields.
Regarding to optical properties, birefringent crystals can be classified as uniaxial (nx =
ny 6= nz), and biaxial crystals (nx 6= ny 6= nz). In uniaxials crystals, one of the two
orthogonal polarizations has the same refractive index in any direction of propagation of
the wave. This is known as ordinary (o) polarization with a refractive index defined as
no(θ ) = no, where θ is the angle between the propagation direction and the optic axis
(z -axis), as illustrated in Fig. 2.3.
However, the other wave orthogonal to the o-polarization has a refractive index that varies
respect the direction of propagation. This is known as extraordinary (e) polarization, with
a refractive index expressed as
1
n2e(θ )
=
cos2(θ )
n2o
+
sin2(θ )
n2e
(2.47)
where no and ne are the principal refractive indices of the uniaxial crystal.
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Figure 2.3: Refractive index surface in a positive uniaxial crystal and wave vector, k.
BPM can be achieved under two conditions. When the incident waves in the medium
have the same polarization and the generated wave has orthogonal polarization, this is
known as type I interaction. If the two incident waves have orthogonal polarizations, this
is referred to as type II interaction. Furthermore, if no > ne, we classify the crystal as
negative uniaxial, and if ne > no as positive uniaxial crystal.
One limitation of BPM is the fact that in anisotropic birefringent crystals, the direction
of the wave-vector, k, is different from the direction of the energy flow or Poynting vector,
S. This phenomenon is known as double-refraction, spatial walk-off, or Poynting vector
walk-off. As is illustrated in Fig. 2.4, this effect reduces the spatial overlap between the
interacting ordinary and extraordinary polarized waves in the nonlinear crystal, limiting
the useful interaction length, of the nonlinear material. The effective length in presence
of spatial walk-off can be calculated as
Le f f =
pi1/2w0
ρ
(2.48)
where w0 is the waist radius of the input beam, and ρ is the walk-off angle. As can be
deduced from equation (2.48), the larger the waist radius of the input beam, the larger
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is the effective length, which leads to increased useful interaction along the crystal, and
hence higher efficiency of the nonlinear process. However, in order to achieve sufficiently
high intensities, we also need to focus tightly the input beam to small waist radius. Hence,
there is a compromise between effective length and input beam radius.
In order to optimize the focusing condition, we use the focusing parameter [26],
ξ =
L
b
(2.49)
where L is the length of the crystal and b is the confocal parameter, defined as
b =
2piw20n
λ
(2.50)
Then, the optimum beam waist for a single-pass SHG and OPG can be analytically calcu-
lated with [27] following the Boyd and Kleinman theory [26], to provide the dependence
of conversion efficiency on the focusing and the walk-off parameter.
Figure 2.4: Wave fronts of ordinary and extraordinary polarized field in anisotropic
medium.
The walk-off angle in uniaxial crystal can be expressed as
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tan(ρ) = − 1
ne
∂ne(θ )
∂θ
= −1
2
|ne(θ )|2
(
1
n2e
− 1
n2o
)
sin(2θ ) (2.51)
If θ=90o, then ρ=0, and the spatial walk-off at this particular angle is zero. This case is
known as noncritical phase-matching (NCPM) . If this angle is θ 6=90o, then ρ 6=0, and
we have critical phase-matching (CPM) .
2.5.2 Quasi-phase-matching
Quasi-phase-matching (QPM) is a technique that is exploited in a material whose struc-
ture can be fabricated in such a way that the orientation of one of the crystalline axes is
inverted periodically along the interaction length within the material, as illustrated in Fig.
2.5. In this way, the sign of the effective nonlinear coefficient and the nonlinear polariza-
tion is also periodically inverted. Reversing the polarization every coherent length, Lc, the
destructive interference is minimized and the power keeps flowing from the incident wave
to the generated waves. The period of reversal of the crystalline axis is defined as Λ = 2Lc
with a duty cycle of 50%. As can be observed in Fig. 2.2, when the intensity along the
crystal propagation is about to begin to decrease as a consequence of ∆k 6= 0 at z = Lc,
the inverted de f f allows the intensity to continue growing. The nonlinear coefficient in the
QPM process is given by
dm =
2
mpi
de f f (2.52)
where m is referred as order of QPM. Hence, for a first-order grating, the effective non-
linearity is reduced by 2/pi compared to that for BPM. However, this reduction of the
nonlinearity can be compensated. In QPM, all the interacting waves can be polarized in
any direction, and hence, polarizing all the interacting waves in the same direction, we can
acces the largest diagonal nonlinear tensor element of the material that are not accessible
in BPM. For example, d33 is the largest tensor element for lithium niobate (LiNbO3) or
lithium tantalate (LiTaO3). In addition, QPM can be employed when BPM is impossible
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Figure 2.5: QPM material with periodically inverted symmetry.
in materials with low birefringence, and can provide NCPM for any nonlinear interaction
permitted in the transparency range of the material. The most popular technique to fab-
ricate QPM crystals is periodic reversal of the domains in ferroelectric materials, such as
LiNbO3 and LiTaO3, by applying a strong periodic electric field. This technique is known
as periodic poling.
More recently, QPM structures have been also developed using all-epitaxial precessing
techniques in semiconductor materials. First, OP-GaAs was developed [28] and later,
OP-GaP [29]. The growth technique for OP-GaP is the same as that used for OP-GaAs,
substituting arsenic (As) for phosphor (P) and germanium (Ge) for silicon (Si). This
technique is illustrated in Fig. 2.6 where a thin layer of Si is used to grow a thin GaP
layer (−) with inverted orientation with respect to the substrate GaP (+). This layer is
grown using polar-nonpolar molecular beam epitaxy (MBE), as shown in Fig. 2.6(a-c).
The layer is then lithographically patterned and etched back to the original substrate
using a photoresistor, as in Fig. 2.6(d-e). Finally, it is regrown using MBE and hydride
vapour phase epitaxy (HVPE), as in Fig. 2.6(f).
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Figure 2.6: Growth technique fro OPGaP. (a) GaP buffer in a certain orientation (+), (b)
silicon thin layer grown on the GaP(+) buffer, (c) thin GaP(-) layer with inverted symmetry
respect GaP(+) grown on Si layer, (d) photoresistors are used to lithographically pattern the
thin layers of GaP(-) and Si, (e) sample once the lithography is applied, (f) patterned sample
once the MBE and HVPE growth processes have been performed.
2.6 Single-pass processes
2.6.1 Second-harmonic-generation
SHG is a process in which two fields at frequency, ω1=ω2=ω , interact to generate output
at frequency, 2ω . In order to find the intensity and conversion efficiency, we solve the
coupled-wave equations for a monochromatic plane wave in (2.43) and (2.45) considering
ω3 = 2ω and ω1 = ω2 = ω . For undepleted pump approximation, Aω(x) is constant, and
zero initial SH wave, A2ω(0) = 0, the output intensity and the corresponding conversion
efficiency are derived as
I2ω(L) =
1
2
(2ω)2d2e f f
n2ωn2ωε0c3
I2ω(0)L
2sinc2
(
∆kL
2
)
(2.53)
ηSHG =
I2ω(L)
Iω(0)
=
1
2
(2ω)2d2e f f
n2ωn2ωε0c3
Iω(0)L2sinc2
(
∆kL
2
)
(2.54)
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∆k = 2kω − k2ω (2.55)
I j = 2n jε0c|A j|2 (2.56)
On the other hand, if the pump intensity is depleted, the SH efficiency is found [7] by
solving the coupled-wave equations for a monochromatic plane waves considering A2ω(0) =
0 and perfect phase-matching, ∆k = 0.
In this solution, the pump field decreases proportionally to sech(x), whereas the SH wave
increases proportionally to tanh(x), when ∆k = 0, as can be seen in Fig. 2.7 where the
normalized field amplitude of the pump and SH are plotted as a function of the position
inside the nonlinear medium.
2.6.2 Difference-frequency-generation
In DFG, two waves at frequency ω3 and ω2 interact to produce an output wave at fre-
quency ω1 = ω3 − ω2. We also use the coupled-wave equations in (2.43) and (2.44)
considering that the pump wave A3(x) is strong enough that it is undepleted in the out-
put of the crystal. In this case, the wave-vector variation is
∆k = k3 − k2 − k1 (2.57)
The general solution to this equation, considering A1(0) = 0 and A2(0) arbitrary, is
A2(x) = A2(0)cosh
(
4ω21ω22d2e f f
k1k2c4
|A3|2x
)
(2.58)
A1(x) = i
(
n2ω1
n1ω2
)1/2 A3
|A3|A
∗
2(0)sinh
(
4ω22ω21d2e f f
k2k1c4
|A3|2x
)
(2.59)
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Figure 2.7: Spatial variations of the fundamental and SH field amplitude for the case of
perfect PM and the initial condition that the initial SH field is zero. In the inset we see the
wave diagram for the SHG interaction.
Figure 2.8 shows how the generated field, A1(x), at frequency ω1 = ω3 − ω2, increase
proportional to sinh(x ), where x is the position in the nonlinear medium. However, the
input field, A2(x), at frequency ω2, also increase following cosh(x ) as function of x.
We can improve the wave diagram in Fig. 2.1(c) in Fig. 2.9 where A2(x) is amplified in the
output with optical parametric amplification (OPA), A1(x) is generated at ω1 = ω3 − ω2
with DFG, and the pump at ω3 is considered as constant. This behaviour of monotonic
growth of both waves is different from SFG or SHG, where oscillatory behaviour occurs.
This is because the presence of a wave at ω2 stimulates the transitions that lead to the
generation of new wave at ω1, and vice versa.
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Figure 2.8: Spatial variations of the DFG field amplitude, A1(x), and one of the input
fields, A2(x), for the case of perfect PM and initial condition A1(0) = 0
2.6.3 Phase-matching bandwidth
From coupled-wave equations in (2.43), (2.44), (2.45), we can derive the intensity equation
for the SHG or DFG processes as sinc2(∆k), as demonstrated for SHG in (2.53). For
∆k = 0, we have maximum intensity, but slight variation in several parameters on which
∆k directly depends, can produce a decrement in the intensity and efficiency. The PM
bandwidth are those ∆k values for which the energy transfers efficiently between the
interacting waves, and is defined as
− 0.4429pi <
∣∣∣∣∆kL2
∣∣∣∣ < 0.4429pi (2.60)
Depending on the parameter that is modified, different acceptance bandwidths can be
calculated. For example, to calculate the spectral acceptance bandwidth, ∆k has to be
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Figure 2.9: DFG wave diagram with constant pump at ω3, amplified field at ω2 and gener-
ated DFG field at ω1.
expanded in a Taylor series about the value, λc, which achieves PM for λ = λc, as
∆k = ∆λ
∂∆k
∂λ
+ ∆λ 2
∂ 2∆k
∂λ 2
(2.61)
The normalized intensity as a function of ∆kL/2 in (2.53) is plotted in Fig. 2.10. The
full width half maximum (FWHM) is defined as
2(0.4429pi) =
∆kL
2
(2.62)
Applying the first term of the Taylor expansion (2.61) to (2.62), we obtain the general
expression for the spectral acceptance bandwidth,
∆λ =
4(0.4429pi)
L
∣∣∣∣∂∆k∂λ
∣∣∣∣−1 (2.63)
The same method has to be used to calculate the temperature acceptance bandwidth and
angular acceptance bandwidth, as detailed in [31].
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Figure 2.10: Normalized SH intensity as function of ∆k with the PM bandwidth marked
with orange.
2.6.4 Dispersion
In frequency conversion processes, where more than two waves interacts with each other
while propagating though the nonlinear medium, dispersion characteristics of the material
are very important. Waves at different frequencies propagate at different group velocities
and, hence, the interacting pulses can become separated after certain distance in the
crystal. If this happens, the temporal effective interaction length is reduced. In order
to evaluate this effect, an important temporal parameter is the group velocity mismatch
(GVM) between the interacting waves in the optical medium.
∆v−1g =
(
1
vg,i
− 1
vg, j
)
(2.64)
where vg,i and vg, j are the group velocity of wave i and j, respectively, defined as
vg,i =
c
ni − λi ∂ni∂λi
(2.65)
The temporal effective interaction length, Le f f , for wave i or j can be calculated by
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Le f f =
τp
|∆v−1g |
(2.66)
where τp is the incident pump pulse duration, and it is assumed that i and j waves have
similar pulse duration.
Another important temporal effect that estimates the pulse broadening is the group veloc-
ity dispersion (GVD). The most important feature of the GVD values is the signal value,
as this is the parameter governing whether or not the resonant wave will see a positive
or negative GVD. This effect can be calculated by evaluating the dispersion parameter,
which is defined as
β =
∂ 2k
∂ω2
=
λ 3
2pic2
∂ 2n
∂λ 2
(2.67)
2.7 Optical parametric oscillator
OPO is a device based on a second-order nonlinear process in a crystal, which is placed
inside an optical resonator. Firstly, OPG process takes part in the nonlinear medium
being similar to DFG previously described, but with only one incident pump wave at ωp
at the input to the nonlinear crystal. Then, pump wave is spontaneously down-converted
to two lower frequency waves called signal, ωs, and idler, ωi, conserving the energy.
ωp = ωs + ωi (2.68)
Although conservation of the energy permits any signal wavelength from 0 to ωp to be
radiated in any direction, the signal that is generated is at frequency and direction that
yields the best PM condition satisfying the momentum conservation, that is
kp = ks + ki (2.69)
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In the next step, the pump wave mixes with the signal wave to give rise to idler wave and,
similarly, the idler wave mixes with the pump wave to produce more signal wave. This
corresponds to amplification of the signal and idler fields through OPA. Given the ampli-
fication process, an OPO essentially requires an optical resonator to provide feedback, as
in a laser. An OPO is similar to the laser, with the main difference that the optical gain
in OPOs is a result of OPA in a nonlinear crystal, unlike stimulated emission in lasers.
The optical gain in an OPO is instantaneous, meaning that the gain is only available in
the presence of the pump. The single-pass parametric gain in the nonlinear crystal can
be calculated with the coupled-waves equations, assuming undepleted pump, zero initial
idler, and non-zero initial signal [30]. When PM is perfectly satisfied, ∆k = 0, this gain
Gs can be simplified as
Gs(L) = sinh2(ΓL) (2.70)
For low gains (ΓL ≤ 1) as
Gs(L) = Γ2L2 (2.71)
and for high gains (ΓL >> 1) as
Gs(L) =
1
4
e2ΓL (2.72)
where Γ is
Γ =
√
8pi2d2e f f
npnsnicε0λsλi
Ip(0)(1− δ 2) (2.73)
where δ is the degeneracy factor, defined as [30]
1 + δ =
λ0
λs
; 1− δ = λ0
λi
; (0 ≤ δ ≤ 1) (2.74)
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where λ0 = 2λp is the degenerate wavelength. Is observed that the gain in the parametric
amplification process has a maximum value at degeneracy, where δ ∼0, and the gain
decreases for operation away from degeneracy, as δ →1.
2.7.1 Oscillator configuration
The successful operation of an OPO requires the attainment of sufficient gain at the para-
metric waves for a given pump power to overcome parasitic losses in the cavity originated
by scattering, parasitic reflection, and any absorption in the crystal. This can be achieved
by providing feedback at the generated waves using various configurations of the optical
cavity that are summarized in Fig. 2.11. These configurations depends on the number
of waves that oscillates inside the cavity, which is controlled with the reflectivity of the
mirrors forming the optical cavity.
In singly-resonant oscillator (SRO), only one of the generated waves, signal or idler,
resonates in the cavity whereas the other is extracted from the cavity together with the
remaining undepleted pump wave. With sufficient intracavity power, it is also possible
to extract part of the resonant signal power. In doubly-resonant configuration (DRO),
both generated waves oscillate in the cavity, extracting part of the power of one or both
from the optical cavity. In triply-resonant oscillator (TRO), the three interacting waves
oscillate in the optical cavity.
The advantage of DRO and TRO is that the threshold pump power can be lower than
in SRO configuration. However, stable operation is challenging, because they require the
simultaneous fulfilment of cavity resonant condition for two or three different wavelengths.
In addition, SRO provides single-frequency output with stable performance.
2.7.2 Wavelength tuning
One of the advantages of OPOs is the wide tunability. Applying the energy conservation
in (2.68) and momentum conservation in (2.69), it can be seen that the generated idler
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Figure 2.11: Some OPO resonance configurations: (a) singly-resonant oscillator (SRO), (b)
doubly-resonant oscillator (DRO) and (c) triply-resonant oscillator (TRO).
frequency depends on the refractive indexes of the three interacting waves, np, ns and ni
ωi =
np − ns
ni − ns ωp (2.75)
The refractive indexes can modify the output OPO wavelength with: angle, temperature,
pump wavelength, grating or cavity length.
In BPM crystals, tuning is achieved by changing the angle between the optic axis of
the crystal and the direction of propagation by tilting the nonlinear crystal. In QPM,
tuning can be achieved by changing the grating period of the crystal. In both cases, the
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Figure 2.12: Some cavity designs: (a) Linear cavity, (b) X-cavity, (c) V-cavity and (d) ring
cavity.
temperature of the crystal can be also be changed to tune the output wavelength. Cavity
length tuning is also used in ultrafast regime, specially in femtosecond OPOs.
2.7.3 Cavity design
In order to achieve an efficient OPO, a proper design of the optical resonator, together
with a proper selection of material and pump source is required. The most common
resonator architectures are presented in Fig. 2.12.
The linear cavity, X-cavity and V-cavity are standing-wave cavities, while the ring cavity
is a travelling-wave cavity. Standing-waves cavities are more suitable for ultrafast OPOs,
because it is easier to synchronize the pump with the generated signal and idler pulses.
The disadvantage is that for single-pass pumping, the signal pulse sees gain only in one
direction, but has losses while traversing the crystal in the unpumped direction. With
the ring cavity for the OPO, no pump radiation is reflected back into the laser, avoiding
the need for an optical isolator and the signal pulse experiences gain each time it passes
through the nonlinear crystal.
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On the other hand, ring cavities are more usual in CW OPOs, more sensitive to the losses
due to low pump intensities. The single-pass of the resonant wave through the nonlinear
crystal reduces the loss due to inherent material absorption and crystal coating, thus
reducing the threshold and minimizing the thermal effects in the nonlinear crystal.
In order to synchronously pump the OPO, its cavity length has to allow the resonant
pulse cover the full round trip with the time between the two pump pulses. Hence, the
cavity length for standing-wave and travelling-wave cavities are expressed as
Lstanding =
c
2RR
(2.76)
Ltravelling =
c
RR
(2.77)
We also have to consider the confocal parameter of the pump beam, bp, which needs to
be equal to the resonant beam, bs ∼ bp. More information on stability criteria, ABCD
and transformation matrices, can be found in [32] and [33].
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3.1 Motivation
Coherent high-power UV sources in picosecond time-scale play an important role in the
development of new tools for biology and medicine, such as confocal microscopy [34], or
single molecule imaging [35]. Single-pass frequency conversion techniques, such as four-
harmonic-generation (FHG) of well established mode-locked Yb-fiber-based-laser technol-
ogy, are very useful to develop such sources, specially in picosecond time-scale, providing
compact, portable and efficient powers at UV wavelengths.
The suitable nonlinear crystal must have wide transparency in the UV, sufficiently high
effective nonlinearity, low spatial walk-off, and high optical damage threshold. In the
absence of suitable periodically-poled nonlinear materials offering first-order QPM in the
UV, borate-based birefringent crystals have proved the most viable candidates for UV
generation.
Some borate crystals have been used to generate UV sources at low repetition rate and
high-energy, using the FHG of the Nd:YAG laser at 1064 nm. For example, a nanosecond
source providing 7.86 W average power using a KBBO crystal was reported [36], or a
picosecond source based on KABO crystal with conversion efficiency of 13% [37]. Another
nanosecond source providing 3 W using a RBBO crystal was reported [38], and work based
on CLBO crystal was also demonstrated [39]. However, KBBO, KABO and RBBO are
not commercially available crystals, whereas CLBO is known to be hygroscopic, requiring
special precautions. On the other hand, BBO has been widely used for FHG in the UV due
to its broad transparency, high damage threshold, and its non-hygroscopic nature [40].
However, working at picosecond time-scale with low pulse energy and high-repetition-
rate is challenging due to the importance of material quality in this regime. Furthermore,
BBO crystals are known to exhibit two-photon absorption and color-center formation that
reduce the conversion efficiency at UV wavelengths.
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In this chapter, we report high-average-power, high-repetition-rate picosecond pulse gener-
ation at 266 nm based on single-pass FHG of a Yb-fiber-based-laser at 1064 nm, providing
up to 1.8 W of average power and conversion efficiency of 21.4% at ∼80 MHz repetition-
rate. The optimum focusing condition was found using Boyd and Kleinman theory [27],
with experimental measurements and long-term power stability measurements performed.
Angular and temperature acceptance bandwidth were measured and their effect on the
interaction length studied. Thermal effects in the crystal while working at high-powers
were also investigated. Nonlinear absorption in BBO was determined by performing trans-
mission measurements to estimate the two-photon absorption coefficients in BBO at 266
nm at different temperatures. The far-field energy distribution was measured, the beam
was circularized, and the generated UV spectrum was also measured. In order to improve
the UV power and the total efficiency of the system, we studied a walk-off compensation
(WC) scheme with two BBO crystals, where the undepleted green beam was used to
enhance the generated UV power. With this scheme, we generated up to 2.9 W of UV
power. To our knowledge, this is the first report on such high-average-power generation
in the UV, together with a detailed study of temperature-dependent effects at 266 nm in
BBO at high repetition rate.
3.2 BBO properties and design
β -Barium Borate (BBO) is a negative uniaxial birefringent crystal with triagonal structure
that is widely used in frequency conversion applications [41]. Some of its optical and
thermal properties can be observed in Table 3.1.
Table 3.1: BBO Properties 3.1
Transparency range ∼ 0.2 µm - 2.5 µm
Bandgap 6.2 eV (200 nm)
Nonlinear coefficient de f f= 1.14 pm/V (SHG at 532 nm)
Thermal conductivity 1.6 W/mK
Specific heat capacity 0.49 J/g K
Melting point 1095◦C
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The calculated PM angle and the corresponding effective nonlinear coefficient as a function
of the input wavelength for type I (oo→ e) SHG under critical PM interaction is shown
in Fig. 3.1. As can be seen, for input wavelength at 532 nm, the PM angle for SHG is
θPM=47.5◦, and the effective nonlinear coefficient is d e f f=1.14 pm/V.
Figure 3.1: Calculated PM angle for type I (oo→e) SHG interaction in BBO crystal and
corresponding effective nonlinear coefficient [42, 43].
The PM properties of the crystal are further studied by calculating the angular acceptance
bandwidth for a 5-mm-long and a 10-mm-long BBO crystal using the relevant Sellmeier
equations [43]. The normalized FH intensity is plotted as a function of the angle deviation
from the PM angle in Fig. 3.2. As can be seen, the obtained full-width at half-maximum
(FWHM) is ∆θ=0.33 mrad and ∆θ=0.14 mrad for for 5-mm-long and 10-mm-long crystal,
respectively.
Furthermore, the spatial walk-off in the BBO crystal and the corresponding effective
length, using two different focusing conditions, are represented in Fig. 3.3. The walk-
off angle is ρ ∼85 mrad at the input wavelength of 532 nm. This walk-off angle or
double-reflection angle corresponds to an effective length of Le f f=0.4 mm using a focusing
condition of w0SH ∼19 µm, and Le f f=1.1 mm using w0SH ∼55 µm.
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Figure 3.2: Calculated angular acceptance bandwidth for 5-mm-long and 10-mm-long
crystals.
Figure 3.3: Estimated walk-off angle for BBO crystal as a function of the input wavelength
and its corresponding effective length using focusing condition of w0SH ∼19 µm and w0SH ∼55
µm.
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3.3 Experimental setup
The schematic of the experimental setup for the high-power, Yb-fiber-based-laser picosec-
ond UV source is shown in Fig. 3.4. The fundamental source is a mode-locked Yb-fiber
laser delivering up to 20 W of average power at 1064 nm in pulses of 20 ps duration at 80
MHz repetition-rate. The laser has a double-peak spectrum with a FWHM bandwidth
of ∆λP ∼1.4 nm. The output power is adjusted using a combination of a half-wave plate
and a polarizing beam-splitter cube. A second half-wave plate is used to obtain the re-
quired polarization for PM in the nonlinear processes. The nonlinear crystal for SHG is
30-mm-long LBO with an aperture of 3 × 4 mm2. It is cut at θ=90◦ (φ=0◦) for type I
(oo → e) NCPM along the optical x -axis. The end-faces of the crystal are antireflection
(AR)-coated (R <0.1%) at 1064 and 532 nm. The crystal is mounted in an oven, which
can be maintained at the PM temperature of 148.2◦C with a stability of ±0.1◦C. The
fundamental beam is focused at the center of the LBO crystal to a waist radius of w0 ∼34
µm, corresponding to a focusing parameter of ξ ∼2.74, to provide SHG output at 532
nm. The SH source characterization has been performed in a previous experiment [17].
The generated SH green beam delivers a maximum average power of 9.1 W with a con-
version efficiency of 54%. The passive power stability of the SH source is also measured
to be better than 0.5% rms over 16 hours, compared to 0.24% rms for the fundamental
beam measured simultaneously over the same period of time. The green spectrum is also
single-peak with spectral bandwidth of ∆λSH ∼0.6 nm and the temporal pulse duration
is ∼16.2 ps, measured with interferometric autocorrelator. The SH beam is separated
from the residual fundamental using a pair of dichroic mirrors, M1 and M2, which are
AR-coated for high transmission (T >99%) at 1064 nm and high reflection (R >99%) at
532 nm. After separation, the green beam is collimated using a lens, L2, before entering
the FHG stage. The nonlinear crystal for FHG is 5-mm-long or 10-mm-long BBO crystals
cut at θ=47.5◦ for type I (oo → e) critical PM to generate 266 nm in the UV. The end
faces of the crystal are AR-coated (R <0.1%) at 532 nm and 266 nm. The green beam
from the SHG stage is then focused using a lens, L3, at the center of the BBO crystal
for FHG to 266 nm. The generated UV radiation is then separated using another pair
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Figure 3.4: Experimental setup of high-power picosecond fiber-based UV source. FI: Fara-
day isolator, λ/2: Half-wave plate, PBS: Polarizing beam-splitter, L: Lens, M: Mirrors, F:UV
filter.
of dichroic mirrors, M3 and M4, which are coated for high transmission (T >99%) at 532
nm and high reflection (R >99%) at 266 nm, and further filtered using FGUV5 glass, F.
3.4 Results and discussion
3.4.1 Focusing optimization
In order to characterize the picosecond UV source at 266 nm, we initially performed
focusing optimization for the 10-mm-long BBO crystal. We used several lenses, L3, with
focal lengths ranging from f=50 mm to 500 mm to achieve a SH beam waist radius varying
from w0SH ∼10 µm to 55 µm, and measured the maximum FH power for a fixed input
SH power of 8.4 W in each case. This range of beam waist corresponds to a systematic
variation of the focusing parameter, (ξ = L/b), from 5 to 0.16, where L is the length of the
crystal and b is the confocal parameter of the input SH beam. The measured FH power
as a function of SH beam waist in the BBO crystal is shown in Fig. 3.5. The solid circles
correspond to the experimentally obtained data for the FH power, while the solid line
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represents the theoretical calculation based on the nonlinear coupling coefficient, h(B, ξ ),
from Boyd and Kleinman theory [27]. It can be seen that as the SH beam waist radius
increases from w0SH ∼10 µm (ξ=5) to 19 µm (ξ=1.4), the FH power increases from 1.25
W to a maximum of 1.8 W. Further increase in the SH beam waist radius resulted in the
reduction of generated FH power down to 0.97 W at w0SH ∼55 µm (ξ=0.16). In order to
calculate the nonlinear coupling effect, we considered the spatial walk-off between the SH
and FH beams of ρ ∼85 mrad which corresponds to a walk-off parameter of B ∼18.9. The
maximum calculated h(B, ξ ) is achieved for a beam waist of w0SH ∼19 µm (ξ=1.4). The
theoretical calculation based on the nonlinear coupling coefficient h(B, ξ ) [27] for a 5-mm-
long BBO is also plotted in the inset of Fig. 3.5, where an optimum focusing condition of
w0SH ∼14 µm is estimated, corresponding to a confocal parameter of ξ ∼1.29. Hence, the
optimum focusing conditions for both crystal lengths are very close, and hence a beam
waist radius of w0SH ∼19 µm using a lens, L3, with f=175 mm for both crystals was used
in the experiment.
Figure 3.5: Variation of the spatial walk-off dependent nonlinear coupling coefficient calcu-
lated from Boyd and Kleinman theory [27], and the measured FH power as a function of the
SH beam waist in the 10-mm-long-BBO crystal and 5-mm-long BBO in inset.
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3.4.2 Power scaling
Power scaling performance with the 5-mm-long and 10-mm-long BBO crystals are plotted
in Fig. 3.6 and Fig. 3.7, respectively. In both figures, the FH power generated in the BBO
and its conversion efficiency are plotted as a function of the SH power incident on the
crystal. Using the 5-mm-long BBO, we achieved a maximum UV average power of 1.4 W
for an input green power of 8 W at single-pass green-to-UV conversion efficiency of 18%.
Here, the UV power increase quadratically, whereas the conversion efficiency increases
linearly, as expected. In the inset of the Fig. 3.6, the FH power is represented as the
square of the SH power, which follows a linear relation, thus dismissing the presence of
detrimental effects.
Figure 3.6: Measured FH power at 266 nm as a function of the SH power at 532 nm and its
conversion efficiency using a 5-mm-long BBO crystal. Inset: variation in the FH power as a
function of the square of SH power.
On the other hand, using a 10-mm-long BBO crystal, a maximum average power of 1.8
W for SH power of 8.4 W is obtained with a conversion efficiency of 21.4%. However, a
deviation in the linear behaviour of the FHG efficiency is observed, particularly at high
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input green powers, leading to saturation in the FHG efficiency. The variation of the
FH power as the square of the green power, shown in the inset of Fig. 3.7, indicates the
presence of detrimental effects.
Figure 3.7: Measured FH power at 266 nm as a function of the SH power at 532 nm and its
conversion efficiency using a 10-mm-long BBO crystal. Inset: variation in the FH power as a
function of the square of SH power.
In order to confirm the presence of thermal effects, which limit the power scaling of the
source, we chopped the input green beam at a frequency of 500 Hz with a 5.3% duty
cycle, and we repeated the power scaling measurements. The measurement is plotted in
Fig. 3.8, where the FH power varies quadratically with the green power, as expected,
confirming the absence of thermal effects in the 10-mm-long crystal in this case. The
thermal effects are caused by the linear and nonlinear absorption at both the green and
UV wavelengths in the absence of the chopper. This is also clear from the inset of Fig.
3.8, where the FH power is observed to grow linearly with the square of the input green
power.
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Figure 3.8: Measured power scaling chopping the input green beam with frequency of 500
Hz and a duty cycle of 5.3% in 10-mm-long BBO crystal. Inset: variation in the FH power as
a function of the square of measured SH power.
3.4.3 Power stability
Initially, the short-term passive power stability measurement of the generated UV radi-
ation at 266 nm was carried out with the 10-mm-long crystal at room temperature at
different power levels. The measured UV power at 0.5 W, 1 W and 1.5 W, as a function
of time, is plotted in Fig. 3.9. Excellent passive stability of 1.2% rms and 1.4% rms was
obtained for 0.5 W and 1 W, respectively. However, for 1.5 W, there are periodic power
oscillations, and significant power drop is observed from initial 1.5 W to 1.2 W after 1.5
hours, resulting in a stability of 4.6% rms. This effects can be attributed to thermal effects
present in BBO crystal while operating at high intensities and high-repetition-rates.
To further study the stability of the source, the passive power stability of the UV beam
at an arbitrary power level, with the 5-mm-long crystal, was measured over 14 hours at
a temperature of 22◦C and 100◦C. The results are shown in Fig. 3.10. As can be seen,
the UV power drops rapidly from 1.2 W down to 0.8 W after 14 hours when operating
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Figure 3.9: Short-term UV power stability for 0.5 W, 1 W, and 1.5 W.
at a temperature of 22◦C, while the decline is slower when the BBO crystal is heated to
a temperature of 100◦C. By translating the crystal, hence placing the green beam to a
new position inside the BBO aperture, the initial UV power could be recovered. In the
inset of Fig. 3.10, the power stability after 8 hours is measured to be of 2.1% rms and
3.8% rms at crystal temperature of 22◦C and 100◦C, respectively, over period of time of 6
hours. The improvement in the long-term stability could be attributed to the reduced two-
photon absorption coefficient, and hence the reduction of dynamic color-center formation,
at high temperatures. No damage was observed in the BBO crystals even after long-term
operation over many days.
3.4.4 Angular acceptance bandwidth
To study the tolerance to possible deviation in PM angle, the angular acceptance band-
width of the FH beam was studied under different focusing conditions and using both
5-mm and 10-mm-long BBO crystals, measuring the normalized FH power as a function
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Figure 3.10: Long-term UV power stability at room temperature and at T=100◦C with
5-mm-long BBO crystal.
of the internal angular deviation from the PM condition. In Fig. 3.11, the study is carried
out for a 5-mm-long crystal under two different focusing conditions, w0SH ∼19 µm and
w0SH ∼55 µm. The solid dots correspond to the experimental measurements and the solid
curve is the sinc2 function fitting to the data. The FWHM angular acceptance bandwidth
was measured to be ∆θ=4.1 mrad for w0SH ∼19 µm and ∆θ=1.5 mrad for w0SH ∼55
µm. Both values are much larger than the theoretically estimated in Fig. 3.2 of ∆θ=0.33
mrad for a 5-mm-long BBO crystal using the relevant Sellmeier equations [43].
The same study was performed using the 10-mm-long BBO with the same focusing con-
dition of w0SH ∼19 µm and w0SH ∼ 55 µm, with the results shown in Fig. 3.12. Now, the
FWHM angular acceptance bandwidth was measured to be ∆θ=4.8 mrad for w0SH ∼19
µm and ∆θ=1.9 mrad for w0SH ∼55 µm. Both values are also far from the ∆θ=0.17
mrad, theoretically estimated in Fig. 3.2 for 10-mm-long BBO using the relevant Sell-
meier equations [43].
The observed deviation of the experimental measured angular acceptance bandwidth from
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Figure 3.11: Experimentally measured angular acceptance bandwidth for 5-mm-long BBO
crystals with focusing conditions of (a) w0SH ∼19 µm, and (b) w0SH ∼55 µm for FHG into
the UV at 266 nm.
Figure 3.12: Experimentally measured angular acceptance bandwidth for 10-mm-long BBO
crystals with focusing conditions of (a) w0SH ∼19 µm, and (b) w0SH ∼55 µm for FHG into
the UV at 266 nm.
the theoretically calculated values is due to the reduction of the effective interaction length
in BBO, which in turn depends on the spatial walk-off of ρ ∼85 mrad in the crystal
and the focusing condition of the input green beam. The effective interaction length is
Le f f=0.4 mm under focusing condition of w0SH ∼19 µm and Le f f=1.1 mm under focusing
condition of w0SH ∼55 µm, as calculated in Fig. 3.3. The calculated angular acceptance
bandwidth using the Sellmeier equations [43], considering these interaction lengths, are
plotted in Fig. 3.13. The obtained value for w0SH ∼19 µm in Fig. 3.13(a) is ∆θ=4.1
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mrad, which perfectly agrees with the experimentally measured value in Fig. 3.11(a)
when 5-mm-long crystal has been used, and small deviation of 0.7 mrad is observed when
the 10-mm-long crystal has been used in Fig. 3.12(a). On the other hand, the obtained
value for w0SH ∼55 µm in Fig. 3.13(b) is ∆θ=1.5 mrad, which perfectly agrees with the
experimentally measured value in Fig. 3.11(b) when 5-mm-long crystal has been used,
and small deviation of 0.4 mrad is observed when the 10-mm-long crystal has been used
in Fig. 3.12(b). With this study, we can conclude that the reduction in the effective
interaction length is mainly due to the spatial walk-off, even other effects could also have
residual contribution.
Figure 3.13: Theoretically calculated angular acceptance bandwidth for (a) Le f f=0.4 mm
corresponding to w0SH ∼19 µm, and (b) Le f f=1.1 mm corresponding to w0SH ∼55 µm.
3.4.5 Temperature acceptance bandwidth
Temperature acceptance bandwidth of the 10-mm-long crystal was also measured under
loose focusing condition of w0SH ∼55 µm in order to reduce the thermal effects. As can be
seen in Fig. 3.14(a), the normalized FH power is represented as a function of the tempera-
ture deviation from the PM condition. The solid dots are the experimental measurements,
whereas the solid curve is the sinc2 fitting to the data. The obtained FWHM tempera-
ture acceptance bandwidth is ∆T=33◦C. This result is much wider than the theoretically
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calculated of ∆T=5.3◦C for 10-mm-long BBO using the Sellmeier equations and thermo-
optic coefficients in [43]. It can be seen in Fig. 3.14(b) that the experimentally measured
∆T=33◦C corresponds to a effective length of Le f f=1.6 mm. This value is slightly lager
than the estimated effective interaction length of Le f f=1.1 mm in Fig. 3.14(b), where
ρ ∼85 mrad and w0SH ∼55 µm are considered. This difference the estimated effective
length of the crystal could be attributed to the thermal gradients present over the en-
tire physical length of crystal. Thermal gradients can be caused by non-uniform-heating
along the whole crystal and the local temperature rise due to the linear and nonlinear
absorption of the green and the UV beams.
Figure 3.14: Temperature acceptance bandwidth of 10-mm-long BBO (a) experimentally
measured with w0SH=55 µm, and (b) theoretically calculated for Le f f=1.6 mm.
3.4.6 Thermal effects study
In order to confirm the presence of thermal effects due to the linear and nonlinear absorp-
tion of the green and UV wavelengths in the BBO crystal, the temperature at the surface
of the 10-mm-long BBO was measured with a thermocouple under different conditions as
a function of the green and UV power in the crystal.
The first temperature measurement was carried out with the crystal under optimum PM
condition with w0SH ∼19 µm as a function of the UV beam power, and is represented in
Fig. 3.15. A temperature increase of 6.7◦C is observed when the generated UV power
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Figure 3.15: BBO center surface temperature as a function of the output UV power with
presence of green and UV beams inside the crystal. Inset (i): BBO temperature with only
presence of UV beam. Inset (ii): BBO temperature with only presence of green beam.
increase from 0.1 to 1.3 W. This increase is caused by the combination of the green and
UV beams. In order to investigate the contribution of each beam to the BBO absorption,
the temperature of the crystal at the same position was also measured when the PM
condition was no longer satisfied. In this situation, no UV is generated and only the
green beam contributes to the crystal temperature rise. This measurement is plotted
in the inset (i) of Fig. 3.15, where a temperature rise of 0.3◦C is reported when the
green power is increased from 1 to 8.3 W. On the other hand, the temperature variation
associated with UV power is presented in the inset (ii) of Fig. 3.15. This measurement
was performed while generating UV beam with 5-mm-long crystal, separating this UV
from the undepleted green and focusing the UV to w0UV ∼19 µm in the center of the 10-
mm-long BBO. The temperature of this second crystal at the same position as previous
measurements was also measured as a function of the input UV power. A temperature
increment of 1.3◦C was recorded when the UV power was increased from 0.2 to 1.2 W.
With these measurements, we can conclude that the UV absorption is larger than green in
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the BBO crystal. However, the most important thermal effects comes from the combined
absorption of the UV and green beams.
Figure 3.16: (a) Picture where the temperature in two sides of the crystal is measured, and
(b) the obtained results for a 10-mm-long BBO crystal.
To further study the thermal effects, the temperature was also measured in both sides of
the crystal, as shown in Fig. 3.16(a), under PM condition with a green beam waist of
w0SH ∼19 µm. The temperature at the output end was recorded to be δ ∼2.3◦C larger
than in the input end at output UV power of 1.4 W, as shown in Fig. 3.16(b). This effect
could be explained, because UV generation takes place in the center of the crystal, where
the laser is focused, and, hence, it is in the output end where there is the combination of
green and UV.
3.4.7 Transmission study
BBO is know to exhibit two-photon absorption, particularly when generating 266 nm
[44], which can be a serious limitation while operating at high-repetition-rates, as in our
case. Having confirmed the presence of linear absorption due to green, UV and by the
combination of both wavelengths, we further studied the thermal effects by measuring the
transmission of the BBO as a function of the input UV intensity. The result is shown
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in Fig. 3.17. The measurement was performed at BBO temperature of 20◦C, 100◦C and
200◦C, and with a focusing condition of the UV beam of w0UV ∼15 × 104 µm.
Figure 3.17: Variation of the BBO transmission at 266 nm as a function of the intensity
at (a) T=20◦C, (b) T=100◦C, and (c) T=200◦C. Solid circles and solid lines correspond to
experimental data and theory, respectively.
The transmission was recorded to be 85% at maximum intensity at T=20◦C, 91% at
T=100◦C, and 93.5% at T=200◦C. These measurements were fitted to a theoretical model
of the variation of dynamic colour-center in time and the variation of UV intensity re-
spect the position in the crystal described in [45]. Using the relevant parameters and
the experimentally measured transmission data, we estimated the two-photon absorption
coefficients to be β=3.84 cm/GW at T=20◦C, β=2.04 cm/GW at T=100◦C, and β=2.2
cm/GW at T=200◦C.
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Operating at ∼80 MHz repetition rate, the time interval between two pulses is 12.5 ns.
Considering the density (ρ=3.85 · 106 g/m3), specific heat (Cp=0.49 J/g-K), and thermal
conductivity (K =1.6 W/m-K) for BBO crystal, the characteristic thermal relaxation time
is calculated to be∼53 µs [41], which is larger than the interval between two pulses. Hence,
the thermal effects are accumulated in the crystal and they contribute to colour-center
formation.
3.4.8 Spatial and spectral characterization
The far-field energy distribution of the generated UV with 10-mm-long crystal and the
focusing condition of w0SH ∼55 µm was measured at a distance of ∼1 m from the crystal.
Due to the spatial walk-off of ρ ∼ 85 mrad, the beam exhibits an ellipticity of ∼20%, as
can be seen in Fig. 3.18(a). However, the beam could be circularized up to ∼90% using
a combination of two spherical lenses of f=100 mm and f=75 mm, separated ∼25 mm,
as can be seen in Fig. 3.18(b).
Figure 3.18: Spatial beam profile of the (a) generated, and (b) circularized UV radiation at
266 nm in BBO.
The generated UV spectrum was also measured using a visible spectrometer with a res-
olution of ∼1 nm. The result is shown in Fig. 3.19, confirming a central wavelength of
266 nm with a bandwidth of ∆λUV ∼0.9 nm, limited by the instrument resolution.
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Figure 3.19: Spectrum centered at 266 nm.
3.4.9 Walk-off compensation scheme with two crystals
In order to further improve the generated UV power and the total IR-to-UV conversion
efficiency, we used a second 10-mm-long BBO crystal (BBO-2) in a walk-off compensation
(WC) scheme, as can be seen in Fig. 3.20. The BBO-2 generates extra UV power from
the undepleted green from BBO-1 crystal and contributes to enhance the UV power
and conversion efficiency. While the beam waist in the first crystal was maintained at
w0SH∼19 µm, a pair of plano-concave mirrors, with radius of curvature, r=200 mm (M3-
M4), were used to focus the undepleted green power together with the generated UV
output from the first crystal to a waist radius of w0SH∼20 µm in the second crystal, BBO-
2. Both crystals were mounted on precision translation stages to account for any relative
phase accumulation between the green and UV wavelengths. The separation between the
crystals was optimized to achieve maximum UV power. The power scaling performance
using this WC scheme with two 10-mm-long BBO crystals was plotted in Fig. 3.21. FH
power and conversion efficiency was measured as a function of the input green power
in the first crystal, BBO-1. Maximum FH power of 2.9 W and efficiency of ∼35% was
obtained for a input green power of 8.2 W. As in a single crystal configuration, the FHG
efficiency follows a linear increase up to a green input power of ∼5 W. The saturation
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Figure 3.20: FI: Faraday isolator, λ/2: Half-wave plate, PBS: Polarizing beam splitter,
L:Lens, MS: Separation mirrors, M1-M2: Plano-concave mirror, F: UV filter.
observed for high powers can be attributed to thermal effects or back-conversion of the
UV power generated in BBO-1 back to green in the second crystal.
The generated FH power using the WC scheme is compared with the UV power achieved
using single crystal (SC) scheme in Fig. 3.22. The FH power as a function of the green
input power is represented in Fig. 3.22(a) using two 10-mm-long BBO crystals in WC,
and SC scheme with a 10-mm-long BBO crystal. The power enhancement is detailed in
Fig. 3.22(b) in terms of power and enhancement factor as a function of the input green
power. The FH power enhancement varies from 13 mW at low power to a maximum of
∼1.1 W at high-power, with almost constant enhancement factor of 1.5-1.6 for all green
powers. The relatively low enhancement in the WC scheme could be attributed to the
strong focusing in the two nonlinear crystals, which limits the effective interaction length.
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Figure 3.21: FH power and conversion efficiency as a function of the input green power
using two 10-mm-long BBO crystals.
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Figure 3.22: (a) FH power using single 10-mm-long BBO crystal (SC) and double 10-
mm-long BBO using walk-off compensation (WC). (b) FH power and factor enhancement
obtained using the WC configuration with respect to SC scheme.
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3.5 Conclusions
In this chapter, we demonstrated a high-power, high-repetition-rate, picosecond UV source
at 266 nm based on single-pass FHG in BBO. We compared the performance of UV source
using 5-mm-long BBO and 10-mm-long BBO, generating a maximum UV average power
of 1.8 W at ∼80 MHz for an input green power of 8.4 W at a single-pass green-to-UV con-
version efficiency of 21.4%. We also performed long-term power stability analysis with the
BBO crystal at different UV powers and temperatures observing a better performance at
low powers and high temperature. Studying the PM properties of the BBO crystal for UV
generation at 266 nm, we showed that the angular acceptance bandwidth is determined
by the walk-off-limited interaction length. We also observed a slightly longer interaction
length from measurements of the temperature acceptance bandwidth of the 10-mm-long
BBO, which could be attributed to thermal gradients due to nonlinear absorption at green
and UV wavelengths. The origin of these thermal effects has been studied by measuring
the crystal surface temperature in the presence of green, UV, and both beams. The dras-
tic temperature rise, while generating high UV power, as compared to the independent
temperature rise due the green and UV, could be considered as an indication of some in-
duced thermal effects coming from the combined absorption of the UV and green beams.
Further, transmission measurements for the BBO crystal at UV wavelength at different
temperatures have been performed in order to estimate the two-photon absorption co-
efficients using a theoretical model. We found lower two-photon absorption coefficients
while operating at high temperatures. The far-field energy distribution shows an elliptic
UV beam with circularity of ∼20% due the spatial walk-off in BBO. However, we used
cylindrical optics to circularize the beam, obtaining a circularity of ∼90%. The measured
spectrum confirms that the generated beam has a central wavelength at 266 nm. Finally,
we improved th generated UV power and conversion efficiency by using a two-crystal WC
scheme, generating up to 2.9 W at a single-pass FHG efficiency of 35%. Further improve-
ments in the UV output power could be expected using flux-less BBO crystals, which are
proved to have higher quality [46], using a multiple crystals configuration [47], or using
elliptic focusing [44].
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4.1 Motivation
Tunable high-repetition-rate picosecond sources in the mid-infrared (mid-IR) are of great
interest for variety of applications such as pump-probe spectroscopy [48], novel up-conversion
imaging techniques [49], and non-invasive surgery [50]. In the picosecond time-scale, such
sources mainly rely on frequency down-conversion of commercially available Nd:YAG or
Yb-based-fiber-lasers using a suitable nonlinear material. Although several QPM ma-
terials such as MgO:PPLN, MgO:sPPLT, and PPKTP are readily available for mid-IR
generation using efficient, portable, robust and air-cooled Yb-fiber laser technology at 1
µm, the long wavelength transparency cut-off of these oxide-based nonlinear materials
limits the mid-IR spectral coverage up to ∼4 µm [51]. Alternatively, mid-IR semicon-
ductor nonlinear materials, such as ZGP and OP-GaAs, can provide broadband spectral
coverage deep into the mid-IR. However, they require pumping beyond 2 µm to avoid
detrimental two-photon absorption at the pump wavelength. Hence, significant efforts
have been directed towards the development of novel mid-IR nonlinear materials with
wide transparency range, large bandgap and high nonlinearity that can be used in combi-
nation with 1 µm pump laser technology. The recently developed chalcopyrite nonlinear
crystal, CdSiP2 (CSP), has wide transparency range in the mid-IR, high nonlinear co-
efficient, and presents unique linear and nonlinear properties. It is a negative uniaxial
crystal and allows type I (e→ oo) NCPM while pumping at 1 µm generating wavelengths
beyond ∼6 µm [52].
Ultrafast high-repetition-rate sources with femtosecond pulse duration have been already
demonstrated using CSP crystal under type I NCPM. A synchronously-pump OPO at
1053 nm providing idler wavelength tunable from 5.8 to 6.6 µm was reported in [53]. Two
years later, another synchronously-pump OPO at 1029 nm improved the average power
at 7 µm, achieving an idler tunability from 6.54 to 7.18 µm [54]. Also, a pump-tuned
CSP-based OPO has been studied in [55], generating idler wavelengths from 6.3 to 7
µm with average powers of tens of mW. More recently, CSP crystal under critical PM
angle tuning pumped at 993 nm was demonstrated, providing tunable wavelength from
7306-8329 nm, with ∼7 mW of average power at 8329 nm [56]. In picosecond time-scale,
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parametric sources based on CSP have also been realized using synchronously-pumped
OPOs or OPG pumped by high-pulse-energy mode-locked and amplified solid-state lasers
at 1064 nm. The first reported OPO had 25 Hz repetition-rate, providing average power
of 14 mW and output energy of 0.56 mJ at 6.4 µm [57]. Later, another OPO at 20 Hz
repetition-rate, generating idler wavelength from 6.1 to 6.6 µm, and maximum average
power of 30 mW and output energy of 1.5 mJ was reported [58]. Then, the OPO in
[57] was improved in order to increase the idler average power to 25.5 mW and output
energy to 1.1 mJ, with an idler tunability from 6.5 to 7 µm in [59]. Mid-IR radiation
in picosecond time-scale has also been generated in single-pass OPG processes using a
pump laser at 1064 nm and 5 Hz repetition-rate to generate tunable idler from 6153-6731
nm generating average power of 0.2 mW and pulse energy of 33 µJ at 6.23 µm [60].
Another OPG source based on CSP pumped with 1064 nm laser at 100 kHz repetition-
rate, providing idler average power of 154 mW and pulse energy of 1.54 µJ at 6.2 µm,
was reported [61]. Finally, a laser at 1064 nm with 1-10 kHz repetition rate was used to
pump a seeded OPG, generating idler average power of 8.5 mW and pulse energy of 8.5
µJ at 6.1 µm in [62]. All picosecond parametric sources based on CSP developed so far
have relied on pump pulses at low repetition rates (5-100 kHz) and high-energy pulses (60
µJ-30 mJ). However, the development of picosecond OPOs at high repetition rates and
low pulse energy has been challenging due to the low peak pump intensities to drive the
nonlinear gain and the required material quality over relatively long interaction lengths.
In this chapter, we report the first high-repetition-rate picosecond OPO based on CSP
synchronously pumped by a mode-locked Yb-fiber-based-laser at 1064 nm. The OPO
provides a tunable signal from 1284 nm to 1266 nm and tunable idler from 6186 to 6724
nm. We generate as much as 95 mW idler average power at 6205 nm at slope efficiency of
∼5.3%, and 44 mW of signal at 1284 nm at slope efficiency of ∼2.3%, with more than 50
mW over >50% of the idler tuning range with passive stability better than 2.4% rms and
1.9% rms over 17 hours for idler and signal, respectively. The signal pulse duration and
spectrum are measured together with the signal and idler far-field energy distribution.
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4.2 CSP properties
Cadmium silicon phosphide (CSP) is a chalcopyrite semiconductor nonlinear material with
transparency range extending from ∼1 to 7 µm. It is a negative uniaxial, birefringent
crystal with high nonlinearity and a moderate thermal conductivity, as listed in Table
4.1. It can be grown in large apertures and long interaction lengths up to 20 mm, using
horizontal gradient freeze technique. The most interesting property of this crystal is
that its large bandgap enables pumping at 1064 nm without two-photon absorption. In
Fig. 4.1, the phase-matched wavelengths when pumping at 2055 nm, 1550 nm, and 1064
nm are represented as a function of the PM angle. As can also be seen in the inset
of Fig. 4.1, CSP allows NCPM at PM angle, θ=90o, while pumping at 1064 nm using
type-I (e → oo) interaction, avoiding detrimental effects off spatial walk-off. Under this
condition, the generated idler wavelength is in the vicinity of 6.2 µm, whereas the signal
wavelength is close to 1.28 µm.
Table 4.1: CSP Properties
Transparency range ∼1 - 7 µm
Bandgap 2.2 eV (560 nm)
Nonlinear coefficient d36=84.5 pm/V
Thermal conductivity 13.6 W/mK
Specific heat capacity 0.446 J/g K
Melting point 1133◦C
In order to study the material quality, we initially characterized the CSP crystal for
transmission at the pump wavelength, for extraordinary polarization, which is the required
polarization for PM in the CSP OPO. For this measurement, the pump beam was focused
to waist radius of w0P∼40 µm at the center of the crystal. The transmitted power in the
CSP crystal was measured as a function of the input pump power, and is shown in Fig.
4.2. A linear fit to this measurement resulted in a transmission of ∼84% for the 16.3-
mm-long CSP crystal at 1064 nm, which corresponds to a linear absorption coefficient
of α ∼0.11 cm−1, consistent with previous literature [52]. Further increase in the pump
power beyond 2.5 W resulted in a significant degradation in the transmitted beam quality
and a drop in transmission. Hence, we limited the maximum pump power to 2.2 W.
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Figure 4.1: Signal and idler wavelengths as a function of PM angles for CSP crystal at
different pump wavelengths. Inset: Zoom of signal and idler wavelengths as a function of PM
angle for a fix pump at 1064 nm.
Figure 4.2: CSP transmission measurement for e-polarized pump at 1064 nm.
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Figure 4.3: GVM between the signal and idler respect the pump at 1064 nm and the signal
and fixed idler at 6150 nm.
Effective temporal walk-off limits the temporal overlap between the pulses inside the CSP
crystal, and hence, the parametric gain and the temporal characteristics of the output
pulses. This effect is evaluated with GVM between the interacting beams. In Fig. 4.3,
the GVM between the pump at 1064 nm and the signal, between the pump at 1064 nm
and the idler, and between the signal and a fix idler at 6.15 µm, is plotted as a function of
the signal wavelength, under type I NCPM interaction. The first varies from ∼62 fs/mm
to ∼120 fs/mm, the second from ∼407 fs/mm to ∼458 fs/mm and the third from 398
fs/mm to 340 fs/mm, with signal wavelengths varying from 1200 nm to 1280 nm. In order
to estimate the effective temporal walk-off, GVM between the pump and idler, which is
the largest value, is considered. Thus, 458 fs/mm corresponds to an effective temporal
walk-off of 44 mm, considering a pulse duration of the pump and idler of 20 ps. The
length of the CSP crystal that we used is much shorter (16.3 mm), and hence, no losses
or negative effects in generated pulses are considered due to temporal walk-off.
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4.3 Experimental setup
The schematic of the high-average-power, high-repetition-rate picosecond OPO based on
CSP is shown in Fig. 4.4. The pump source is an Yb-based-fiber-laser with central
wavelength of 1064 nm and bandwidth of ∆λP ∼1.4 nm, providing average power of 20
W in pulses of ∼20 ps at a repetition rate of ∼80 MHz. The laser has a Faraday isolator
in order to be protected from back-reflections. A first half-wave-plate together with a
polarizing beam-splitter are used to control the input power, while a second half-wave-
plate is used to adjust the pump polarization to be extraordinary polarized to achieve
optimal PM in the CSP crystal. One lens, L1, with focal length of f=125 mm is used
to focus the beam at the center of the crystal to a beam waist of w0P ∼50 µm. This
configuration corresponds to a focusing condition of ξ∼0.4. The nonlinear crystal for
the OPO is a 16.3-mm-long CSP crystal cut at θ=90◦ and φ=45◦ for type-I (e → oo)
under NCPM. The crystal end-faces are antireflection (AR)-coated for high transmission
(R <0.5%) at 1035-1300 nm for the pump and signal, (R <5%) over 4000-8000 nm for
the idler. The crystal is located in an oven where its temperature can be adjusted from
room temperature to 200oC with stability of ±0.1◦C. A singly-resonant OPO is designed
with a standing-wave X-cavity comprising two plano-concave mirrors (M1 and M2) with
r=150 mm, and a plane mirror (M3) and an output coupler (OC). All mirrors are highly
transmitting for the pump (T >97%) at 1064 nm and idler (T >98%) over 5500-7500 nm,
while highly reflecting (R >99%) for signal over 1200-1400 nm, except for the OC which is
partially transmitting (T ∼5%) over the signal wavelength range, ensuring singly-resonant
signal oscillation. In order to separate the undepleted pump and the idler, a separating
mirror (M4) is used with high transmission for the idler (T >95%) and high reflection
for the pump (R >99%). The total round-trip optical length of the OPO cavity is ∼3.77
m, corresponding to ∼80 MHz, ensuring synchronization with the pump laser repetition
rate.
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Figure 4.4: Schematic of the experimental setup for high-repetition-rate, picosecond, OPO
based on CdSiP2. FI: Faraday isolator, λ/2: Half-wave-plate, PBS: Polarizing beam-splitter,
L: Lens, M: Mirrors, OC: Output coupler.
4.4 Results and discussion
4.4.1 Wavelength tuning
The generated signal and idler wavelengths were tuned by changing the CSP crystal tem-
perature. Signal and idler wavelengths are represented as a function of the temperature
of the CSP crystal in Fig. 4.5. The brown dots are the experimentally measured idler,
whereas the red circles correspond to measured signal wavelengths. The signal wave-
length was measured with a near-IR spectrometer with 0.1 nm resolution, whereas the
idler wavelengths were calculated using energy conservation. The temperature of CSP,
measured with a thermocouple placed in the top surface of the crystal, is changed from
39 to 134oC, achieving an idler tuning from 6186 nm to 6684 nm, and signal wavelengths
from 1284.6 nm to 1266 nm, corresponding to a spectral tuning range of ∼500 nm and
∼18 nm for idler and signal, respectively. The dashed lines correspond to the theoretically
calculated temperature tuning curves obtained using the more recent Sellmeier equations
and thermo-optic coefficients fot CSP crystal [63–65]. The discrepancy at high temper-
atures between the calculated and measured wavelengths can be attributed to thermal
gradients in the thick CSP crystal.
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Figure 4.5: Experimentally measured signal and idler wavelengths as a function of the tem-
perature of the CSP crystal in the OPO together with the theoretical calculations using the
recent Sellmeier equations and thermo-optic coefficients [63–65].
We also measured the idler and signal power across the tuning range, as shown in Fig.
4.6(a) and Fig. 4.6(b), with brown dots and red circles, respectively, as a function of
wavelength, with a fix pump power of 2.2 W at 1064 nm. The measurement was performed
with an OC that extracts 5% of the internal signal power. It can be seen that the OPO
generates a maximum idler power of 95 mW at 6205 nm, and the power decrease up to 14
mW at 6724 nm with >50 mW over >50 % of the tuning range. On the other hand, the
extracted signal power at 1284 nm is 44 mW and drops to 4 mW at 1266 nm. This power
drop can be explained due to the higher absorption of the CSP crystal beyond ∼6.5 µm
[52].
4.4.2 Power scaling and stability
The idler and signal power as a function of the input pump power can be seen in Fig.
4.7 at signal and idler wavelength of 1284.3 nm and 6203 nm, respectively, measured at
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Figure 4.6: Variation of the average power across the tuning range of the OPO.
a CSP temperature of T=40◦C. For a maximum pump power of 2.2 W, 45 mW of signal
and 95 mW of idler were obtained with a linear variation, as can be seen with the fitted
solid black line, resulting in a slope efficiency of ∼2.3% for the signal and ∼5.3% for the
idler. The generated idler corresponds to a conversion efficiency of ∼4.3% and a photon
conversion efficiency of ∼25%. The pump depletion was measured to be ∼57% and the
OPO exhibits a power threshold of ∼0.7 W.
Long-term power stability measurements for the signal and idler were also carried out at a
crystal temperature of T=40◦C and maximum pump power of 2.2 W. The average power
is shown in Fig. 4.8 as a function of time at 1284.2 nm and 6205 nm, respectively. It can
be seen that idler and signal exhibit a good passive power stability better than 2.4% rms
and 1.9% rms, respectively, over a period >17 hours.
Chapter 4. Picosecond OPO based on CSP 75
Figure 4.7: Signal and idler power scaling of the picosecond CSP OPO.
4.4.3 Spatial, spectral and temporal characterization
The far-field energy distribution of the signal and idler was also measured at a distance
of ∼0.5 m from the optical cavity. Both signal and the idler exhibit a good circularity
with single-peak Gaussian profile at 1284.2 and 6205 nm, as shown in Fig. 4.9.
The signal spectrum was also measured using a near-IR spectrometer with resolution of
0.1 nm, as shown in Fig. 4.10. The spectrum is centred at ∼1284 nm with FWHM of
∆λ ∼2 nm. This measurement was taken while the OPO was generating a maximum
signal power of 45 mW with the crystal at T=40◦C. The double-peak profile can be
attributed to self-phase modulation or other nonlinear effects produced due to the high
intracavity power.
The temporal characterization of the generated signal pulses using an intensity autocor-
relation with BBO crystal can be seen in Fig. 4.11. The autocorrelation FWHM was
measured to be ∼27 ps, which corresponds to pulse duration of ∼19 ps with Gaussian
pulse shape. These measurements correspond to a time-bandwidth product of ∆τ∆ν∼6.9,
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Figure 4.8: Long-term passive power stability of the (a) idler and (b) signal CSP OPO.
Figure 4.9: Spatial beam profile of the (a) signal and (b) idler generated from the CSP
OPO.
slightly different from the pump time-bandwidth product of ∆τ∆ν∼7.4. Further im-
provement can be expected with intracavity dispersion compensation and signal output
coupling optimization.
Chapter 4. Picosecond OPO based on CSP 77
Figure 4.10: Signal spectrum centered at 1284 with ∆λ ∼2 nm measured while generating
maximum idler and signal average power.
Figure 4.11: Intensity autocorrelation measurement of the signal pulses from the picosec-
ond CSP OPO.
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4.5 Conclusions
In this chapter, we have demonstrated the first picosecond high-average-power, high-
repetition-rate deep-IR OPO based on CSP, pumped by Yb-fiber-based-laser at 1064 nm.
The generated signal is tunable from 1264 to 1284 nm and the idler from 6205 to 6724
nm, with >50 mW of idler over >50% of the tuning range. The OPO provides maximum
idler power of 95 mW and signal power of 45 mW at slope efficiency of 5.3% and 2.3%,
respectively. The idler exhibits a passive power stability of 2.4% rms and the signal 1.9%
rms over more than 17 hours. The generated output beams exhibit Gaussian spatial
distribution with good beam quality. The signal pulses extracted from the cavity exhibit
Gaussian temporal duration of 19 ps, centered at 1284 nm, with a time-bandwidth product
of ∆τ∆υ∼6.9. This parameter could be further optimized with dispersion compensation.
Further improvements in the material quality, optimization of the crystal length and
deployment of a suitable signal OC [66] could enable idler power scaling, paving the way
for compact deep-IR picosecond sources with even higher average powers.
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5.1 Motivation
Although mid- and deep-IR picosecond parametric sources at high repetition rate based
on CSP can provide high average powers with good efficiencies, alternative semiconductor
materials providing similar nonlinearity and transparency range using QPM technique are
studied in this chapter.
Orientation-patterned gallium phosphide (OP-GaP) is a new QPM semiconductor nonlin-
ear material with wide transparency, large optical nonlinearity, low loss, long interaction
lengths, high thermal conductivity, large bandgap, and NCPM that enables pumping at 1
µm, making it a highly attractive alternative for the development of practical parametric
sources throughout the mid- to deep-IR. In order to study the applicability of this new
nonlinear material in its early stages of development for frequency conversion applications,
it is important to evaluate the performance of the crystal in different spectral regions in
the mid-IR, and in different time-scales, to enable improvement in material quality to
a suitable level for further development of efficient parametric sources into wavelength
regions beyond ∼4 µm.
Earlier reports on frequency conversion sources based on OP-GaP include a femtosecond
OPO synchronously pumped at 1040 nm, operating at 100 MHz, and providing spectral
coverage in the 5-12 µm wavelength range with average powers from few to tens of milli-
watts [67], a nanosecond doubly-resonant OPO (DRO) pumped at 1064 nm, generating
4 mW of idler at 4624 nm and 15 mW of signal at 1324 nm at 10 kHz [68], as well as
a nanosecond DRO based on a 16.5-mm-long pumped at 2090 nm, with a total signal
plus idler average output power of 350 mW at 20 kHz repetition rate [69]. Recently, a
tunable DFG source based on OP-GaP was reported by mixing the input pulses from a
nanosecond Nd:YAG pump laser and the signal from a MgO:PPLN OPO driven by the
same laser in a 40-mm-long crystal, resulting in the generation of ∼14 mW of average
output power at 2719 nm at 80 kHz repetition rate [70]. Further, nanosecond OPG in
OP-GaP was also demonstrated tunable across 1721-1850 nm in the signal and 2504-2787
nm in the idler, providing up to ∼18 mW of total power at 25 kHz [71]. Most recently,
a singly-resonant OPO based on OP-GaP with tunable idler from 2.8-3.1 µm providing
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∼20 mW at 2966 nm at 50 kHZ was reported [72]. In the CW regime, single-pass DFG
based on 16.5-mm-long OP-GaP crystal was also reported, providing up to 150 mW at
3400 nm for an input pump power of 47 W at 1064 nm together with 24 W of signal
power at 1550 nm [73]. Using a 24.6 mm-long OP-GaP crystal, a CW DFG power of 65
µW was generated at 5850 nm for a pump power of 10 W at 1064 nm and a signal power
of 40 mW at 1301 nm [74]. Most recently, tunable CW mid-IR source across 4608–4694
nm has also been reported using DFG between a CW Tm-fiber laser at 2 µm and a CW
OPO tunable across 3.37-3.62 µm, generating up to 43 mW of CW power at 4608 nm
[75].
In this chapter, we demonstrate a high-repetition-rate, picosecond, single-pass DFG source
based on OP-GaP, tunable over 92 nm in the mid-IR, across 3040-3132 nm. Using a 40-
mm-long crystal, we have generated up to 57 mW of DFG power at 3042 nm at ∼80
MHz repetition-rate, with a passive power stability better than 3.2% rms over 1 hour. To
the best of our knowledge, this is the first frequency conversion device in OP-GaP in the
picosecond time-scale.
5.2 OP-GaP properties
Gallium phosphide (GaP) is a zinc-blend III-V semiconductor crystal with cubic struc-
ture. GaP has suitable optic, thermal and mechanic properties, as listed in Table 5.1,
such as a very large nonlinearity, high thermal conductivity, and a large bandgap or wide
transparency range. The importance of this semiconductor is that it can be artificially
grown as a QPM material by reversing the sign of the nonlinear susceptibility, χ (2), pe-
riodically though the length of the material using a polar-on-nonpolar MBE template
technology and the bulk HVPE well-developed for growing OP-GaAs.
The temperature tuning curves for QPM OP-GaP crystal are also calculated in Fig. 5.1
using the refractive index of GaP given by the Sellmeier equations and thermo-optic
coefficients of the material [68]. We can see the required input wavelengths and the
corresponding generated DFG wavelengths as a function of the PM temperature for QPM
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Table 5.1: OP-GaP Properties
Transparency range ∼1 - 12 µm
Bandgap 2.26 eV (550 nm)
Nonlinear coefficient d14=70.6 pm/V
Thermal conductivity 110 W/mK
Specific heat capacity 0.313 J/g K
Melting point 1480◦C
Figure 5.1: Estimated wavelength tuning for the OP-GaP crystal at different grating peri-
ods.
OP-GaP with grating periods of Λ=16 µm, Λ=20 µm and Λ=24 µm. The larger the
grating period of the crystal, the longer is the generated DFG wavelength.
Another important parameter is the spectral acceptance bandwidth of the 40-mm-long
OP-GaP crystal. This parameter indicates that for a given crystal length, a maximum
pump bandwidth of ∆λP is efficiently converted into signal and idler. In Fig. 5.2 the
normalized DFG intensity as a function of the input pump wavelength is represented
showing a FWHM of ∆λP ∼0.1 nm.
In order to estimate the effective temporal walk-off in OP-GaP crystal with Λ=16 µm,
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Figure 5.2: Estimated spectral acceptance bandwidth for a 40-mm-long OP-GaP.
the GVM between the pump at 1064 nm and the input signal is plotted as a function of
the signal wavelength in Fig. 5.3. At signal wavelength at 1637 nm, the GVM is ∼589
fs/mm, corresponding to ∼29 mm effective interaction length, assuming the shorter pulse
duration of the signal of ∼17 ps.
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Figure 5.3: GVM between the pump and signal pulses in the OP-GaP crystal.
5.3 Experimental setup
The schematic of the experimental setup for picosecond DFG in OP-GaP is shown in Fig.
5.4. The primary pump source is a mode-locked Yb-fiber laser providing up to 20 W of
average power in ∼20 ps pulses at ∼80 MHz repetition rate. The pump laser operates at
central wavelength of 1064 nm with a FWHM spectral bandwidth of ∆λP ∼0.8 nm. A
major portion of the output from the laser is used to synchronously pump a picosecond
OPO [76] based on a 30-mm-long MgO:sPPLT nonlinear crystal with a grating period of
Λ=30.65 µm, providing temperature-tuned signal wavelengths from 1609 to 1637 nm in
pulses of ∼17 ps duration. The remaining power from the Yb-fiber laser is used as the
pump for the DFG process. A variable delay line (DL) comprising mirrors, M2-M5, in
the pump beam path enables synchronization of the pump and signal pulses for DFG in
the OP-GaP crystal. The combination of a half-wave plate and a polarizing beam-splitter
is used to adjust the pump power, and a second half-wave plate is used to control the
pump polarization for PM in the crystal. A separate half-wave plate is used to control the
signal polarization from the OPO. The pump and signal polarizations are independently
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optimized to achieve maximum DFG output power. Two lenses, L1 and L2, with focal
length of f=125 mm and f=50 mm, respectively, are used to adjust the diameter of the
pump beam. A dichroic mirror, M7, which is coated for high reflection (R >99%) over
1300-2000 nm and high transmission (T >90%) at 1064 nm, is used to combine the pump
and signal beams. We used a 40-mm-long OP-GaP crystal with an aperture of 1.7 ×
6 mm2 and single grating period of Λ=16 µm. However, we estimated that the useful
aperture of the crystal over which the QPM grating is available to be limited to <500 µm.
The crystal was housed in an oven, which could be controlled from room temperature to
200◦C with stability of ± 0.1◦C. The end-faces of the crystal were antireflection (AR)-
coated (R <5%) at 1064 nm and 1500-1900 nm, with high transmission (R <25%) over
3000-3100 nm. Using a lens, L3, with focal length of f=75 mm, the input beams were
focused to a beam waist radius of w0P∼20 µm for the pump and w0S∼35 µm for the
signal, corresponding to focusing parameters of ξP ∼5.4 and ξS ∼2.77, respectively. The
DFG output beam in the mid-IR was filtered using a germanium long-pass filter, F.
Figure 5.4: Schematic of the experimental setup for the picosecond DFG in OP-GaP.
FI: Faraday isolator, DL: variable delay line, λ/2: Half-wave plate, PBS: Polarizing beam-
splitter, L: Lens, M: Mirrors, F: Filter.
5.4 Results and discussion
After aligning the pump and signal beams with the OP-GaP crystal, a non-phase-matched
SFG between the two beams was observed in the red wavelengths, as can be seen in Fig.
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5.5. We used this red beam to optimize the spatial and temporal overlap of the input
beams, as well as to find the suitable position in the OP-GaP crystal, by scanning the
position of the crystal in the horizontal and vertical directions. Once the DFG was gener-
ated, another non-phase-matched beam was measured with a visible spectrum analyser,
which was the SFG between the pump and the DFG. Despite the large physical aperture
of the crystal, we found only a few positions where the red SFG output was visible. The
DFG signal was very sensitive to the position of the crystal. A small change in the crystal
position resulted in a major drop in the DFG power, indicating significant grating non-
uniformity, as well as a significantly smaller useful aperture than the nominal aperture
over the 40-mm length of the OP-GaP crystal.
Figure 5.5: The 40-mm-long OP-GaP crystal used for the DFG experiment, showing para-
sitic red light due to non-phase-matched SFG between the input pump and signal pulses.
5.4.1 Wavelength tuning
We started characterizing the picosecond DFG source by investigating its wavelength
tuning performance. This was achieved by simultaneously tuning the MgO:sPPLT OPO
signal wavelength from 1609 to 1637 nm and optimizing the PM temperature of the
OP-GaP crystal in such a way that maximum DFG was obtained at each OPO signal
wavelength. The tunable input signal wavelength extracted from the MgO:sPPLT OPO
and the generated DFG wavelengths are represented as a function of the PM temperature
of the OP-GaP in Fig. 5.6. The measured DFG wavelengths could be tuned over 92
nm, going from 3040 to 3132 nm, by increasing the OP-GaP crystal temperature from
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154.5oC to 192oC. The signal wavelengths were measured using a near-IR spectrum anal-
yser with a resolution of 0.1 nm, while the DFG wavelength was obtained from energy
conservation, and further confirmed by the parasitic SFG between the pump and the DFG
output, measured using a visible spectrometer. The tuning curves theoretically calculated
using Sellmeier equations and thermo-optic coefficients from [68] are also represented with
dashed lines in Fig. 5.6.
Figure 5.6: Temperature tuning performance of the picosecond OP-GaP DFG. Solid and
hollow circles represent the measured DFG and input signal wavelengths, dashed lines repre-
sent the theoretical calculations.
The generated DFG power across the tuning range was also measured as a function of
the DFG wavelength as shown in Fig. 5.7. Maximum average power of 5 W was used
to pump the OP-GaP crystal. On the other hand, up to 6 W of average power from
the Yb-based-fiber laser was used to pump the MgO:sPPLT OPO, generating ∼0.9 W of
tunable signal output power. From Fig. 5.7, it can be seen that the average DFG output
power varies from 57 mW at 3044 nm to 8.5 mW at 3132 nm, providing >30 mW over
>50% of the tuning range, for a fixed pump power of 5 W at 1064 nm and signal power
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of 0.9 W. It is to be noted that the DFG powers presented here were not corrected for
the AR-coating loss (∼25%) of the OP-GaP crystal facets.
Figure 5.7: DFG output power across the tuning range.
The pump and signal spectrum were also measured using a spectrum analyser with reso-
lution of 0.1 nm, with the results shown in Fig. 5.8. The pump at a central wavelength
at 1064 nm has a FWHM of ∆λP ∼0.8 nm, whereas the signal has a central wavelength
at 1636 nm with the same FWHM of ∆λS ∼0.8 nm, while generating a maximum DFG
power of 57 mW. As can be seen in Fig. 5.2, for a fixed input OPO signal wavelength
at 1636 nm, we obtained a FWHM spectral acceptance bandwidth of ∆λP ∼0.1 nm for
the pump at 1064 nm. This is significantly smaller than the FWHM bandwidth of the
Yb-fiber-based-laser, limiting conversion efficiency and output power in the present ex-
periment.
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Figure 5.8: Measured spectrum of the incident pump (a), and signal (b) beams used for
DFG in OP-GaP.
5.4.2 Power scaling and stability
We also performed power scaling characterization by measuring the generated DFG av-
erage power as a function of the input pump power from 2 to 5 W, for a fix signal power
of 0.9 W. The crystal temperature was optimized at each pump power level to achieve
maximum DFG. The measured DFG power as a function of the pump power is shown in
Fig. 5.9. A maximum DFG average power of 54 mW was achieved at crystal tempera-
ture of 153.5oC, for a maximum pump power of 5 W, at a slope efficiency of 1.7%. The
corresponding PM temperature was recorded to decrease from 167.5 to 153.5oC, as the
pump power was increased from 2 to 5 W, indicating a strong temperature rise of ∼14oC
in the OP-GaP crystal due to absorption at the pump, signal, and DFG wavelengths.
In order to further study the thermal effects in OP-GaP crystal, we measured the trans-
mission of the 40-mm-long OP-GaP crystal at the pump wavelength of 1064 nm at a
temperature of 154.5oC, resulting in a transmission of ∼52%, consistent with the pre-
viously reported absorption coefficient at 1064 nm of 0.18 cm−1 in the literature [68].
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However, the transmission decreases for longer wavelengths, indicating larger linear ab-
sorption coefficient than that reported in the same literature. Moreover, the pump and
signal transmission was found to be inhomogeneous across the aperture of the crystal,
and dependent on temperature as well as polarization of the incident beams. While the
AR-coatings contribute to ∼5% of the loss in the pump and signal wavelength range,
our OP-GaP crystal exhibited unusually low transmission, which is expected to improve
significantly with improvements in the crystal quality.
Figure 5.9: DFG power scaling and OP-GaP PM temperature as a function of pump
power.
We further recorded the long-term stability of the DFG output power, together with the
pump and signal, with the results shown in Fig. 5.10. The measurements were performed
at a DFG wavelength of 3044 nm, for a pump power of 5.2 W, and an input signal power
of 0.7 W at 1636 nm. As can be seen from Fig.5.10(a, b), the pump and signal exhibit
a passive power stability better than 0.2% rms and 2.4% rms, respectively, over 1 hour,
while the DFG output, shown in Fig. 5.10(c), has a stability better than 3.2% rms over
1 hour, with an average DFG power of 53 mW.
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Figure 5.10: Long-term power stability of the (a) pump at 1064 nm, (b) signal at 1636 nm,
and (c) DFG at 3044 nm, recorded over 1 hour.
5.4.3 Temperature acceptance bandwidth
We also studied the temperature acceptance bandwidth of the 40-mm-long OP-GaP crys-
tal by measuring the DFG power as a function of crystal temperature, while operating
at a signal wavelength of 1636 nm. The normalized DFG power as a function of the
temperature deviation about the measured PM temperature of 167.5◦C is shown in Fig.
5.11(a), with pump and signal powers fixed at 2 W and 0.8 W, respectively. The dashed
curve represents the sinc2 fit to the experimental data, resulting in a FWHM tempera-
ture acceptance bandwidth of ∆T=6.8◦C. This is larger than the theoretically estimated
bandwidth of ∆T=0.9◦C for a 40-mm-long OP-GaP crystal using the Sellmeier equations
for the material [68]. On the other hand, using the experimentally measured temperature
acceptance bandwidth, we estimated an effective interaction length of ∼5.5 mm, as shown
in Fig. 5.11(b). The difference between the calculated and experimental acceptance band-
width can be attributed to imperfections in the uniformity and duty cycle errors of the
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QPM grating period over the full 40-mm length of the OP-GaP sample, resulting in a
useful interaction length substantially shorter than the actual physical length.
Figure 5.11: (a) Experimentally measured temperature acceptance bandwidth for DFG
in the 40-mm-long OP-GaP crystal. (b) Theoretically calculated temperature acceptance
bandwidth for an effective interaction length of Le f f=5.5 mm.
5.4.4 Spatial and temporal characterization
Finally, the far-field energy distribution of the pump at 1064 nm, signal at 1636 nm, and
DFG at 3044 nm were recorded using a pyroelectric camera, with the results shown in
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Fig. 5.12. The generated DFG beam exhibits TEM00 Gaussian profile with circularity
∼70%, while the pump and signal beams have circularity >95%. This ellipticity in the
DFG beam indicates that part of the beam is tapered in the QPM grating, and the poled
region is non-ideal in terms of duty cycle and uniformity. It can also be seen that the
poled region is in the bottom side of the crystal, where most of the DFG beam is confined.
Other factors such as non-optimum overlap between the pump and signal beam along the
propagation direction in the crystal can also contribute to the non-uniformities of the
crystal, reducing the nonlinear conversion efficiency.
Figure 5.12: Spatial beam profiles of the (a) pump at 1064 nm, (b) signal at 1636 nm, and
(c) DFG at 3044 nm.
Another important parameter to obtain maximum DFG power and conversion efficiency
is the temporal overlap between the pump and signal pulses, which was achieved by using
the delay line shown in Fig. 5.4. As can be seen in Fig. 5.3, the GVM between the pump
and the signal is calculated to be 589 fs/mm at 1637 nm, corresponding to a temporal
effective length of ∼29 mm for a minimum signal pulse length of 17 ps. In order to study
the effect of pulse synchronization in the DFG, the variation of the normalized maximum
DFG power as a function of the pump time delay between the two pulses has been plotted
in Fig. 5.13. The power is maximum where the pump and signal pulses are synchronized,
falling to zero when the time pump is delayed by ∼8 ps, or when is it advanced by ∼6 ps.
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The graph results a FWHM of ∆τ∼10 ps, which is consistent with the estimated pump
and signal pulse durations of 20 ps and 17 ps, respectively.
Figure 5.13: Normalized DFG power as a function of the pump time delay between the two
pulses.
5.5 Conclusions
In conclusion, we have demonstrated in this chapter the first tunable high-repetition-rate
picosecond source using the new semiconductor nonlinear crystal, OP-GaP, achieving
practical average power of 57 mW. The generated radiation is tunable across 3040-3132
nm in the mid-IR, providing up to 57 mW of average power at a slope efficiency of 1.7%.
The long-term power stability for the DFG beam has been measured to be 3.2% rms
over 1 hour, in a Gaussian profile with circularity of ∼70%. The measured temperature
acceptance bandwidth has been measured to be ∆T=6.8oC, corresponding to an effective
interaction length of 5.5 mm, substantially shorter than the physical crystal length of 40
mm. We have also studied the effect of temporal overlap between the input pump and
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signal beams using the variable delay line for synchronization of the two pulse trains for
the attainment of maximum DFG power. The generated average power and conversion
efficiency have been shown to be limited by the spectral acceptance bandwidth of the
40-mm-long OP-GaP crystal for the pump. It has also been observed that the generated
DFG average power and conversion efficiency are limited by non-optimal uniformity and
duty cycle errors of the QPM grating, as well as the non-uniform useful aperture along
the full 40-mm-long crystal. Considering that wavelengths longer than 3.1 µm generated
in this work are desired, larger grating periods of the OP-GaP will be required (Λ∼19-36
µm for λ∼4-12 µm). Hence, such new crystals with larger grating period can be grown
and developed with less duty cycle errors and more uniformity as compared to the sample
studied in this work, for wavelength generation into the deeper mid-IR spectral regions.

Chapter 6
High-repetition-rate,
high-beam-quality,
narrow-bandwidth picosecond source
at 2.1 µm
The following publications were achieved with the work described in this chapter:
B. Nandy, S. Chaitanya Kumar, J. Canals Casals, H. Ye, and M. Ebrahim-Zadeh,
“Tunable high-average-power optical parametric oscillators near 2 µm,” (submitted).
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6.1 Motivation
High-power ultrafast laser sources near 2 µm wavelength range are in the “eye-safe”
region, which allows increased permissible exposure levels by several orders of magnitude
compared to lasers in 1 µm region, making them of interest for free-space applications
such as LIDAR, gas sensing, or to measure wind speed for forecasting finalities [77, 78].
Furthermore, due to the strong absorption in water, the main constituent of biological
tissue, substantial heating of small areas can be achieved near 2 µm which can be useful in
medical applications [79, 80]. Moreover, linearly polarized, high-power, high-beam-quality
picosecond sources with narrow bandwidth at wavelengths slightly above ∼2 µm can be
also very useful in frequency down-conversion applications where mid-IR wavelengths can
be generated using semiconductor crystals such as ZnGeP2 (ZGP) or orientation-patterned
GaAs (OP-GaAs) [23, 81].
The most established techniques to generate radiation at 2 µm are based on doping bulk
crystals or fibers with a rare-earth ions of thulium (Tm) or holmium (Ho), which provide
broad gain spectrums over 1.8-2.1 µm and 2.05-2.15 µm, respectively. Early reports on
picosecond bulk solid-state lasers based on Tm include a Tm:CaYAlO4 laser providing
830 mW of average power with pulse duration of 35 ps and repetition rate of 145 MHz
at 1960 nm [82], or a Tm:LuAG laser with 270 mW average power at 2022 nm with 2.9
ps pulse duration at 92 MHz repetition rate [83]. Other works are based on picosecond
solid-state lasers doped by Ho, such as the Ho:YAG laser pumped by a Tm-fiber laser,
providing 1.84 W of average power at 2122 nm in pulses of 241 ps duration at 82.15 MHz
repetition rate [84], or a YAG crystal laser co-doped with both Tm and Ho, providing 63
mW of average power at 1930 nm with a pulse duration of 21 ps at 107 MHz repetition
rate [85]. On the other hand, Tm-fiber laser providing 2.6 mW average power at 1.94 µm
with pulse duration of 3.6 ps at 6.45 MHz repetition rate reported in [86], is one example
of fiber laser doped with Tm. On the other hand, Ho soliton fiber laser providing 60 mW
average power, tunable over 2030-2100 nm, with pulse duration of 0.8 ps at 15.7 MHz
repetition rate [87], is an example of a Ho-doped fiber based laser.
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While bulk solid-state lasers can provide picosecond pulse durations (<50 ps) at high-
repetition-rates, they offer low average powers, as can be seen in Fig. 6.1, where the energy
pulse of the previously reported works are represented as a function of their repetition rate
[82–87]. On the other hand, most of the reported fiber lasers operate at low repetition rates
(<50 MHz), and also provide low average powers. In addition, most of the Tm-fiber lasers
deliver randomly polarized output beams, which hinder their use in frequency conversion
applications. Furthermore, most of these lasers uses silica fibers as host medium, which
suffers losses at wavelengths above 2 µm.
Figure 6.1: Pulse energy as a function of repetition rate of some Tm/Ho-lasers around 2
µm wavelengths reported so far. The solid lines represent the corresponding average power.
The star represents the parametric source demonstrated in this work, the circle the bulk
lasers and the triangle the fiber lasers, [82–87].
Nonlinear frequency conversion techniques offers an effective alternative to develop co-
herent sources in picosecond time-scales regions inaccessible to conventional lasers, as
shown in Fig. 1.1 in chapter 1. In particular, OPOs in SRO configuration, synchronously
pumped by mode-locked Yb-fiber lasers at 1064 nm and based on QPM crystals, providing
multiwat average powers at high repetition rates, are the most well-established candidates
for this purpose. However, SRO configuration at ∼2.1 µm is challenging, because of the
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proximity of the output wavelengths to degeneracy. Hence, such a source will have to
rely on an OPO in a DRO configuration near degeneracy, even though it is well known
that operation of a DRO suffers from high spectral and power instabilities. An estab-
lished technique for the control of these instabilities is the use of a intracavity frequency
selective element such a diffraction grating [88]. However, this technique has only been
implemented in OPOs with SRO configuration, and away from degeneracy.
In this chapter, we demonstrate a stable high-average-power high-repetition-rate picosec-
ond OPO at ∼2.1 µm in linear polarization, providing ∼5.25 W of average power with
∼36% conversion efficiency in pulses of 20 ps duration at ∼80 MHz repetition rate, with
high beam quality and narrow spectral bandwidth. The OPO is designed in DRO con-
figuration and uses a diffraction grating as the frequency selective element, preventing
power and spectrum instabilities. The OPO exhibits a long-term power stability better
than 1.3% rms over 2 hours, high spatial quality with M 2 <1.8 and FWHM spectral
bandwidth of ∆λ ∼2.9 nm. We further reduce the FWHM spectral bandwidth down to
∼2.5 nm by using an intracavity telescope in one arm of the OPO.
6.2 Design and analysis
The output wavelength as a function of the crystal temperature calculated from Sellmeier
equations and therm-optic coefficients in [89] are represented in Fig. 6.2. In order to
generate an output wavelength at ∼2.1 µm using a pump source at 1064 nm, the tem-
perature of the MgO:PPLN crystal with a grating period of Λ=32.16 µm has to be set to
T∼72 oC, to allow phase-matching near degeneracy.
Under this condition, both signal and idler can oscillate in the DRO cavity, which com-
bined with increased parametric gain close to degeneracy, result in major increase in
intracavity power, and thus substantially lower threshold compared to SRO configuration
[30]. Therefore, significantly lower peak pump intensities can be used to drive the DRO,
and thus in our experiment the beam waist in the center of the crystal was increased up
to w0P ∼130 µm. The high nonlinearity of MgO:PPLN, together with the long interaction
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Figure 6.2: Calculated wavelength temperature tuning using a MgO:PPLN crystal at differ-
ent grating periods using Sellmeier equations .
length, and the high peak powers in picosecond regime, enable high conversion efficiencies
and output power from the picosecond OPO, even in the presence of large output cou-
pling losses. As such, an output coupling as large as T ∼87% was used for the DRO to
maximize the generated average power and extraction efficiency. In addition, operating
close to degeneracy, the OPO provides large parametric gain with broad bandwidth and
reduced temporal walk-off [30]. For a 50-mm-long MgO:PPLN crystal with a grating
period of Λ=32.16 µm at a temperature of T∼72oC, the parametric gain bandwidth at
∼2.1 µm is calculated to be ∆λ ∼144 nm for pumping at 1064 nm, as shown Fig. 6.3(a).
The GVM between the pump and signal, and the corresponding GVD as a function of
the signal wavelength, is shown in Fig. 6.3(b). At the degenerate wavelength of 2128 nm,
the GVM is calculated to be ∼113 fs/mm, whereas the GVD is ∼-68 fs2/mm.
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Figure 6.3: (a) Estimated parametric gain bandwidth as a function of the signal wavelength
and (b) estimated GVM between the pump and signal wavelengths and GVD as a function of
the signal wavelength for the MgO:PPLN crystal.
6.3 Experimental setup
The schematic of the experimental setup for the ∼2.1 µm is shown in Fig. 6.4. The
OPO is pumped by an Yb-fiber laser delivering an average power of 15 W at a central
wavelength at 1064 nm with a FWHM bandwidth of ∆λP ∼1 nm, in pulses of ∼20 ps
duration at a ∼80 MHz repetition rate. A combination of a half-wave plate (λ/2) and
a polarizing beam-splitter is used for systematic control of the laser pump power, while
a second half-wave plate is used to control the linear input polarization for optimum
PM in the nonlinear crystal. The pump beam is focused to a waist radius of w0P ∼130
µm, corresponding to a focusing parameter of ξ ∼0.23, in a 50-mm-long MgO:PPLN
incorporating a single grating period of Λ=32.16 µm for type-0 (e→ ee) QPM. The faces
of the crystal are antireflection-coated for high transmission (R <0.5%) at 1064 nm and
over 2050-2150 nm. The crystal is placed in a standing-wave X-cavity formed by two
plano-concave mirrors, M1-M2, with radius of curvature, r=200 mm, a plane mirror, M3,
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an output coupler (OC), and an aluminium intracavity diffraction grating (IDG) with 400
lines/mm and a blaze angle of 25.2o.
Figure 6.4: Schematic experimental setup for the high-power, high-repetition-rate picosec-
ond OPO operating at ∼2.1 µm. FI: Faraday isolator, λ/2: Half-wave plate, PBS: Polarizing
beam splitter, L: Lens, M: Mirrors, IDG: Intracavity diffraction grating, OC: Output coupler,
F: Ge filter.
All mirrors are highly transmitting (R <90%) for the pump at 1064 nm and highly re-
flecting (R >99%) over 1800-2150 nm, resulting in DRO operation close to degeneracy.
The plane OC has partial transmission (T ∼87%) at 2.1 µm. The optical length of the
OPO cavity is ∼3.78 m, corresponding to a repetition rate of ∼80 MHz, ensuring syn-
chronization with the pump laser repetition rate. The IDG is configured in a Littrow
configuration, where the incident angle is equal to the diffracted angle and, thus, the
beam is reflected back and can resonate in the cavity. A Ge filter, (F), after the output
of the OPO is used to separate the residual pump from the output.
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6.4 Results and discussion
6.4.1 Power scaling and stability
In order to characterize the output power characteristics of the ∼2.1 µm OPO, we initially
performed power scaling measurements at a crystal temperature of 71oC, with the OC
extracting ∼87% of the intracavity power. The result is shown in Fig. 6.5, where it can
be seen that up to 5.25 W of average power was generated for an input power of 15 W,
without considering the transmission loss of the Ge filter, estimated as ∼8% at 2.1 µm.
It can also be seen that the generated power increase linearly with input power at slope
efficiency of ∼43%, with a maximum extraction efficiency of ∼36% and external photon
conversion efficiency of ∼60% at full pump power of 15 W. The pump depletion is ∼60%
near the maximum input pump power, while the OPO threshold is measured to be ∼2.6
W.
Figure 6.5: Output power scaling and pump depletion as a function of the pump power of
the ∼2.1 µm picosecond OPO.
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We also recorded the long-term stability of output power, with the OPO generating an
average power ∼5 W at ∼2.1 µm. The result is presented in Fig. 6.6, with a passive
power stability of 1.3% rms over 2 hours. The stability of the pump laser was recorded
to be <0.3% rms over the same period of time.
Figure 6.6: Long-term power stability of the 2.1 µm OPO.
6.4.2 Beam quality
The spatial profile of the output beam, measured at a distance of ∼75 mm from the cavity,
is shown in Fig. 6.7. The beam exhibits a single-peak Gaussian intensity distribution in
TEM00 mode profile with circularity of ∼90%. We further measured spatial beam quality
at the degenerate wavelength of 2128 nm, using a lens with focal length, f =50 mm,
and scanning beam profiler, we recorded the beam radius across the Rayleigh range and
estimated the M2 values. The results are shown in Fig. 6.8 where the beam radius in
horizontal (x ) and vertical (y) directions are plotted as a function of the distance from
the focus in the Rayleigh range. With this information, the M2 values are estimated to
be M2x <1.73 and M
2
y <1.77 in horizontal and vertical directions, respectively.
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Figure 6.7: Spatial beam profile at ∼2.128 µm.
Figure 6.8: Beam quality measurement of the output from the ∼2.1 µm source in the (a)
horizontal and (b) vertical directions.
6.4.3 Cavity-delay tuning
We also investigated cavity-delay tuning of the OPO for an input pump power of 13 W,
at a temperature of ∼71oC. The output power as a function of cavity length detuning is
shown in Fig. 6.9. The cavity detuning is normalized to zero for the maximum power at
the center of the detuning range. As the cavity length detuning is adjusted from –4.5 mm
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to +4.9 mm, the output power remains well above 3 W over the entire range with multiple
peaks and a maximum of 4.6 W at zero detuning. This tolerance of the OPO operation, in
spite of the large cavity detuning of ∼10 mm, is enabled by the low GVM at degeneracy,
resulting in a temporal walk-off of ∼5.6 ps, which is much lower than the ∼20 ps pump
and signal pulse durations. Further, the temporal walk-off-limited interaction length is
estimated to be ∼177 mm, which is 3.5 times greater than the length of the MgO:PPLN
crystal used in this experiment. The power peaks at -3.4 mm and +3.3 mm correspond to a
signal beams at slightly different wavelengths within the selectivity band of the diffraction
grating that have better temporal overlap with the pump pulses. However, we could not
measure this wavelength shift, due to the limited resolution of our spectrometer. If we do
not consider these two peaks, a slightly asymmetrical power behaviour is observed with
more sensitivity in the positive detuning, as also observed previously [90]. In our case,
we do not have a large asymmetry because of the similar group velocity of the pump and
the resonant signal in the cavity, vgs ∼1.38·108 and vgp ∼1.36·108, which mitigates the
nonlinear pulse-shaping effects.
Figure 6.9: Cavity-delay tuning of the OPO for an input pump power of 13 W at degener-
acy.
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6.4.4 Spectral characterization
We performed spectral characterization of the OPO output at a crystal temperature of
T=71oC. The result is shown in Fig. 6.10(a), where a central wavelength at λ=2.128
µm with a FWHM spectral bandwidth of ∆λ ∼2.9 nm is recorded. The measurement
was performed using a home-made spectrometer. The FWHM spectral bandwidth of the
output from the OPO incorporating the IDG is given by [90],
∆λestimated =
√
ln(2)λ 2
piw0tanθ
(6.1)
where w0 is the beam radius on the IDG and θ is the incidence angle of the beam on the
IDG in Littrow configuration, which depends on the wavelength and the grove spacing.
The calculated FWHM spectral bandwidth as a function of the beam diameter on the
IDG with 400 lines/mm is shown in Fig. 6.10(b), indicating a FWHM spectral bandwidth
of ∆λ ∼2.3 nm and ∆λ ∼1.15 nm for a beam diameter of 2w0 ∼2.2 mm and 2w0 ∼4.4
mm, respectively on the IDG. Also shown in the inset of Fig. 6.10(b) is the experimentally
measured beam diameter of 2 mm at the position of the IDG, resulting in a calculated
beam diameter of 2w0 ∼2.2 mm on the surface of the IDG.
To further reduce the output FWHM spectral bandwidth at the degenerate wavelength of
2.128 µm, we increased the beam diameter to 2w0 ∼4.4 mm on the grating by using a tele-
scope with magnification of 2 in one of the arms of the OPO cavity. However, the FWHM
spectral bandwidth of the output from the OPO is measured to be >2.5 nm, still limited
by the resolution of the spectrometer. Hence, using a spectrometer with higher resolution,
narrower FWHM spectral bandwidth is expected. Considering 20 ps output pulses from
the OPO with a FWHM bandwidth of ∆λ ∼1.15 nm, we obtain a time-bandwidth prod-
uct of ∆τ∆ν ∼1.52 in the absence of dispersion compensation. This indicates operation
of the ∼2.1 µm picosecond OPO near the transform limit (∆τ∆ν ∼0.44), despite the
large time-bandwidth product of ∆τ∆ν ∼5.3 for the pump laser.
We finally studied wavelength tunability of the picosecond OPO around the ∼2.1 µm
output by rotating the IDG with 400 lines/mm. When operating in Littrow configuration,
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Figure 6.10: (a) Spectral characterization of the output beam from the OPO using a 400
lines/mm IDG at blaze angle of 25.2o. (b) Calculated FWHM spectral bandwidth as a func-
tion of the beam diameter on the IDG with 400 lines/mm. Inset: Measured beam profile in
the diffraction grating.
for an incidence angle of θ on the IDG, only the associated wavelength, λ , is exactly
reflected on itself, allowing the OPO oscillation according to
λ = 2dsin(θ ) (6.2)
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where λ is the reflected wavelength at angle θ = α = β , and d is the spacing between
two adjacent grooves. The measured spectra at different IDG angles expressed as angle
deviation with respect to the blaze angle of 25.2o of the IDG, are shown in Fig. 6.11.
By decreasing the angle deviation, the resonant central wavelength in the cavity is also
reduced. Using this method, we were able to tune the OPO near ∼2.1 µm, generating
different spectra for different IDG angles. The output spectra, measured using a commer-
cial spectrometer with resolution ∼15 nm, are shown in Fig. 6.11(a). The spectrum with
central wavelength at 2.128 µm corresponds to the blaze angle at 25.2o or blaze angle
deviation of 0o. Then, while we progressively decreased the IDG angle, the resonating
wavelength in the OPO cavity drops, reaching a minimum wavelength of 2030 nm for a
IDG angle deviation of -1.2o from the blaze angle. We also calculated the FWHM spectral
bandwidth of the OPO output as a function of the resonant wavelength in the cavity and
its corresponding IDG angle, as shown in Fig. 6.11(b). The result confirms that in the
case of the double-peak spectrum generated for an angle deviation of -0.42o, the idler
wavelength cannot be resonant in the cavity when we operate away from degeneracy be-
cause it is out from the spectral selectivity band imposed by the IDG. Hence, this second
peak is the residual idler generated from the resonant signal and the pump beam, which
has not been completely extracted from the cavity.
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Figure 6.11: (a) Spectrum of the resonating signal from the picosecond OPO at different
IDG angles, and (b) estimated FWHM spectral bandwidth selectivity as a function of the
blaze angle deviation.
6.5 Conclusions
In conclusion, in this chapter we have demonstrated a high-power, stable, efficient, high-
repetition-rate picosecond source at ∼2.1 µm in linear polarization, high spatial quality
and narrow spectral bandwidth. To our knowledge, this is the first OPO in DRO config-
uration operating close to degeneracy using a diffraction grating as a selective element,
pumped by Yb-fiber laser at 1064 nm. The OPO provides up to 5.25 W of average power
for an available pump power of 15 W at 1064 nm with a conversion efficiency of 36%
at ∼80 MHz repetition rate. The long-term power stability has been measured to be
1.3% rms over 2 hours in high spatial quality with M2x <1.73 and M
2
y <1.77 measured for
horizontal and vertical directions, respectively. The FWHM spectral bandwidth of the
generated output has been measured to be ∆λ ∼2.9 nm, being reduced down to ∼2.5
nm by increasing the beam diameter on the IDG with an intracavity telescope. Finally,
the output wavelength tunability of the OPO has been studied while rotating the IDG.
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This source represents a potential alternative to existing bulk-solid state and fiber laser
technology for many applications, including pumping long-wavelengths OPOs to deep-IR.
Chapter 7
Summary and outlook
In this thesis we have demonstrated four nonlinear frequency conversion sources using
different second-order nonlinear processes. A single-pass source using FHG at 266 nm in
deep-UV, an OPO at deep-IR, a tunable DFG source at mid-IR, and a near degenerate
OPO at 2.1 µm in near-IR, all in the ultrafast picosecond temporal regime.
The UV work is the first high-power, high-repetition-rate, picosecond UV source at 266
nm based on single-pass FHG in BBO. We first characterized the source using 5-mm-
long and 10-mm-long BBO crystals, performing the power scaling, achieving up to 1.8
W at ∼80 MHz for an input green power of 8.4 W, at a single-pass green to UV conver-
sion efficiency of 21.4%. We also performed long-term power stability analysis with the
BBO crystal at different UV powers and temperatures, observing a better performance at
higher temperature. Studying the PM properties of the BBO crystal for UV generation
at 266 nm, we showed that the angular acceptance bandwidth is determined by the walk-
off-limited interaction length. We also observed a slightly longer interaction length by
measuring the temperature acceptance bandwidth of the 10-mm-long BBO, which could
be attributed to thermal gradients due to linear and nonlinear absorption at green and
UV wavelengths. The origin of these thermal effects have been studied by measuring the
crystal surface temperature in the presence of green, UV, and both beams. The dras-
tic temperature rise while generating high UV power, as compared to the independent
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temperature rise due the green and UV, could be considered as an indication of some in-
duced thermal effects coming from the combined absorption of the UV and green beams.
Furthermore, transmission measurements for the BBO crystal at the UV wavelength at
different temperatures have been performed in order to estimate the two-photon absorp-
tion coefficients using a theoretical model. We found a drop in dynamic colour center
formation while operating at high temperatures. The far-field energy distribution shows
an elliptic UV beam with circularity of ∼20% due the spatial walk-off in BBO. However,
we used cylindrical optics to circularize the beam, obtaining a circularity of ∼90%. The
measured spectrum confirms that the generated beam has a central wavelength at 266
nm. Finally, we improved the generated UV power and conversion efficiency by using a
two-crystal walk-off compensation scheme, generating up to 2.9 W at a single-pass FHG
efficiency of 35%. Then, the power scaling from the single-BBO and double-BBO were
compared, obtaining a maximum power increment of ∼1.1 W with enhanced factor of
∼1.5.
The deep-IR work is the first picosecond high-power, high-repetition-rate deep-IR OPO
based on CSP crystal pumped by Yb-fiber-laser at 1064 nm. The generated signal is
tunable across 1264-1284 nm and the idler over 6186-6724 nm, providing >50 mW of idler
over >50% of the tuning range. The OPO provides maximum idler power of 95 mW and
signal power of 45 mW, corresponding to slope efficiency of 5.3% and 2.3%, respectively.
The idler presents a passive power stability of 2.4% rms and the signal 1.9% rms over
more than 17 hours. The generated beams exhibit a Gaussian distribution with good
spatial quality. The signal pulses extracted from the cavity exhibit a Gaussian temporal
duration of 19 ps, centered at 1284 nm, with a time-bandwidth product of ∆τ∆υ∼6.9.
The mid-IR work was the first tunable high-repetition-rate picosecond source using the
new QPM semiconductor crystal, OP-GaP, achieving practical average power of 57 mW.
The generated radiation is tunable across 3040-3132 nm in the mid-IR, providing up to
57 mW of average power at a slope efficiency of 1.7%. The long-term power stability for
the DFG beam is measured to be 3.2% rms over 1 hour in a Gaussian spatial profile with
circularity of ∼70%. The measured temperature PM acceptance is measured to have a
FWHM bandwidth of ∆T=6.8oC, corresponding to an effective interaction length of 5.5
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mm. We have also studied the effect of temporal overlap between the input pump and
signal beams using the variable delay line for synchronization of the two pulse trains to
achieve maximum DFG power. The generated average power and conversion efficiency
are limited by the spectral acceptance bandwidth of the 40-mm-long OP-GaP crystal for
the pump, the low transmission in pump and signal wavelength range, the non-optimal
uniformity and duty cycle errors of the QPM grating, as well as the non-uniform useful
aperture along the full 40-mm-long crystal.
Finally, the 2.1 µm source is the first picosecond OPO in DRO configuration and operating
close to degeneracy using a diffraction grating as a selective element pumped by Yb-fiber
laser at 1064 nm. The OPO generates high-power, stable, efficient, high-repetition-rate
picosecond radiation at ∼2.1 µm in linear polarization, with high spatial quality and
narrow spectral bandwidth. We have achieved up to 5.25 W average power for an available
pump of 15 W at 1064 nm with a conversion efficiency of 36% at ∼80 MHz repetition
rate. The long-term source stability is 1.3% rms over 2 hours, in high spatial quality
with M2x <1.73 and M
2
y <1.77 for horizontal and vertical directions, respectively. The
FWHM spectral bandwidth of the generated output is measured to be ∆λ=2.9 nm, being
reduced down to ∼2.5 nm by increasing the beam diameter on the IDG with an intracavity
telescope.
The future research in picosecond UV sources will focus in the direction to improve the
output power using flux-less BBO crystals, using configurations with more than two crys-
tals or using elliptic focusing to overcome the spatial walk-off. Regarding to deep-IR
sources, the output power and conversion efficiency have to be further improved and
more regions from the optical spectrum such as 4-5 µm or 7-12 µm have to be covered.
Once the quality of OP-GaP crystals will be improved in terms of duty cycle of the QPM
grating and the uniformity of the useful aperture along the full length of crystal, new
wavelengths will be generated in a more efficient way. Finally, in order to reduce the
spectral bandwidth of the 2.1 µm sources maintaining the power scaling, other frequency
selective elements with narrow spectral selectivity as Volume Bragg gratings or denser
diffraction gratings with high diffraction efficiency could be used.
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